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ABSTRACT
Lagoon of Islands is a shallow, eutrophic lake on Tasmania’s central plateau.  This 
study examined nutrient loads and other ecosystem drivers at Lagoon of Islands to 
understand the dominant processes reinforcing poor water quality in this shallow lake.  
This will enable future water quality patterns to be anticipated and inform appropriate 
management actions to restore the lake to oligotrophy.
Investigations focussed on quantifying nutrient loads from external and internal 
sources.  The roles of trophic interactions and the El Niño Southern Oscillation in 
governing ecosystem behaviour were examined.  Investigations were informed by a 
17 year water quality data set, field investigations and computer modelling of the 
ecosystem.
The historical data set revealed behaviour consistent with the concept of alternative 
stable states in Lagoon of Islands, with two periods of eutrophy (1989 - 1991 and 
1997-present) separated by a period of oligotrophy.  There was a shift in 
phytoplankton dominance associated with each change in stable state, and the 
phytoplankton assemblage is now dominated by cyanobacteria.  This pattern is 
consistent with the progression expected as a lake moves along a trophic gradient.
Phosphorus was identified as the nutrient most likely to limit phytoplankton biomass, 
with wind-induced sediment resuspension the primary source of phosphorus to the 
water column.  Ripple Canal, a man-made inflow, is the most significant point-source 
of total phosphorus, and contributes to maintaining the lake in its current eutrophic 
state. x
Trophic interactions may be significant in the lake when the concentration of 
phosphorus is too great to limit phytoplankton biomass.  The El Niño Southern 
Oscillation has a small influence on ecosystem behaviour, probably through its effect 
on solar radiation, which affects the underwater light climate in the lake.
Hydro Tasmania needs to decide between two long-term management goals for the 
lake:  either to remediate it and retain it in the hydro-electric system, or to 
decommission it and rehabilitate it towards its pre-dam ecosystem.  If it is to be 
rehabilitated to its pre-dam ecosystem, management of the lake should focus on trying 
to restore the floating islands of vegetation that made it unique.  If it is to be retained 
in the hydro-electric system, long-term management of the lake should aim to reduce 
the concentration of total phosphorus to 0.014 mg/L, to restrict the biomass of 
phytoplankton.  Hydrological management of the lake should therefore be aimed at 
reducing the frequency of wind-induced sediment resuspension and at reducing the 
residence time of total phosphorus.  The external load from Ripple Canal should also 
be reduced.  Further investigation into the role of trophic interactions is required, as 
they may provide a pathway for short-term control of phytoplankton biomass until the 
concentration of total phosphorus is reduced.xi
xii
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CHAPTER ONE
INTRODUCTION
Eutrophication of water bodies is a significant problem worldwide, estimated to cost 
£75.0 – 114.3 million per year in England and Wales alone (Pretty et al. 2003).  
Within Australia, it affects many  water bodies, both natural lakes and artifical 
impoundments.  Some waters  were naturally susceptible to algal blooms before 
impoundments were created (Harris 2001).  This thesis investigates the origin of 
eutrophication in an Australian impoundment, Lagoon of Islands, on Tasmania’s 
Central Plateau.  
In Tasmania, only two waterbodies (Lakes Sorell and Crescent) are thought to have 
been naturally meso-eutrophic (Cheng and Tyler 1973).  Most are naturally 
oligotrophic.  Lagoon of Islands was a unique ecosystem consisting of rafts of 
floating vegetation until it was dammed and flooded in 1964 to form a shallow lake 
(Tyler, 1976a, b).  It has been eutrophic for most of the past 20 years.
1.1    Eutrophication
Eutrophic waterbodies are those in which there are excess nutrients (OECD 1982, 
Rast and Holland 1988, Ryding and Rast 1989).   They generally have high nutrient 
concentrations, submerged macrophytes, turbid water, high phytoplankton biomass 
and relatively low biodiversity (Carpenter et al. 1999). Oligotrophic lakes are 1
characterised by low nutrient concentrations, low to moderate levels of plant 
production, low phytoplankton biomass, relatively clear water and high biodiversity.  
The ecological effects of eutrophication often include a shift in phytoplankton to 
bloom-forming species (which can be toxic or inedible), decreased water 
transparency,  oxygen depletion, and fish kills.  These can be associated with 
problems of taste, odour and water treatment (Carpenter et al. 1999).  
Sources of nutrients to lakes can be external or internal.  Internal sources include 
diffuse release from the sediments (especially under anoxic conditions) and nutrients 
released from wind-induced entrainment of the sediments (Welch and Cooke 1995, 
Scheffer 1998).  External sources include catchment runoff and groundwater inflows.  
Decreasing external nutrient inputs does not always cause immediate or complete 
reversal of eutrophication.  Recycling of nutrients from the sediments (known as 
internal loading) can maintain eutrophy long after external nutrient inputs are reduced 
(Carpenter et al. 1999, Søndergaard et al. 2003, Søndergaard et al.2007).
1.2    Australian limnology
Most of the published literature on eutrophic lakes is from the northern hemisphere, 
especially Europe and North America, and the accepted ‘rules of management’ for 
eutrophic water bodies were developed from these (Harris 1995).  Australian water 
bodies show different characteristics to those in the northern hemisphere (Williams 
1967, Williams and Wan 1972, Williams 1988).  The morphology of Australian lakes 
is quite different from those characteristic of many parts of North America and 
Europe (Williams 1975).  This, and the Australian climate, result in different 2
stratification patterns.  Dimictic stratification is common in the temperate zone of the 
northern hemisphere.  The most common stratification pattern in Australian waters is 
warm monomictic, and polymictic lakes are also common (Williams 1981).  
Australian waters are more turbid than many in other parts of the world (Harris 1995).  
Chemically, Australian waters diverge from the standard calcium and carbonate 
dominated ionic composition of the northern hemisphere, with sodium and chloride 
ions often dominating (Williams 1974).  The concentration of total dissolved salts 
also differs, with the concentration in Australian waters often much higher (Williams 
1981).  Hydrological patterns differ (Ferris and Tyler 1985) with an absence of the 
significant seasonal run-off from melt water common to higher latitude temperate 
lakes in the northern hemisphere (Williams 1981).  This is reflected in phytoplankton 
dynamics, with the spring growth phase less defined in Australia and greater 
productivities during winter.  Most of the phytoplankton are cosmopolitan (Harris 
1995), although there are many endemic species (Williams 1981; Williams 1988, 
Tyler and Williams 2003). The zooplankton also differ.  Calanoid copepods are a 
highly characteristic group in Australia, with Boeckella sp. often dominant in south-
eastern waters.  There is endemism in cyclopoid copepods, the zooplankton group 
widely considered to be the most cosmopolitan (Williams 1981).  Thus, the ‘rules of 
management’ developed in the northern hemisphere may not be directly applicable to 
Australian lakes (Williams 1988).
1.3    Tasmanian limnology
Limnologically, Tasmania is the richest state in Australia (Tyler 1980).  It has more 
lakes than rivers (unlike the mainland) and there is a lot more variation between 3
Tasmanian lakes than those on the mainland.  The morphology of Tasmania’s lakes is 
different to their mainland counterparts, probably because of the different geological 
processes governing their formation (Tyler 1980).   Australian lakes of glacial origin 
are almost entirely restricted to the higher parts of Tasmania.  Only five occur on the 
mainland, on the Kosciusko plateau (Lakes Cootapatamba, Club, Blue, Albina and 
Hedley’s Tarn; Williams 1975).  Just as Australian limnology differs from that 
elsewhere in the world, so too Tasmanian limnology differs from that of the 
Australian mainland, and has been argued to be ‘more akin to [the limnology] of New 
Zealand’ (Tyler 1992, Vanhutte 2006).  Hence, the validity of applying knowledge 
gained from studies on mainland Australian and international lakes to Tasmanian 
water bodies has been questioned (Williams 1974). 
Limnologically, Tasmania’s lakes are extraordinarily diverse.  They can be found at 
altitudes between 0-1600 mASL (above sea level) with depths between 0.1 – 166.5 m, 
and include polymictic, warm monomictic, dimictic and meromictic stratification 
patterns.  Trophic status ranges from ultra-oligotrophic to eutrophic (Tyler 1992).
The salinity of Tasmanian lakes ranges from virtually distilled water to hypersaline 
(Tyler 1992).  The lakes of the Central Plateau have been noted for their exceptionally 
low salinities (de Deckker and Williams 1986).  Unlike the mainland, Tasmania has a 
very low proportion of saline lakes.  Ionic compositions range from sea water through 
to world average freshwater (WAFW; Tyler 1992). Coastal lagoons on the west coast 
have relative proportions of major ions close to that of seawater  (Buckney and Tyler 
1973). 4
The range of pH values recorded for Tasmanian lakes does not differ from those in 
other parts of the world where drainage lakes predominate (Williams 1964) or from 
mainland Australia (Walsh et al. 2001).  Low concentrations of major ions suggest 
the lakes of the central plateau and other low concentration regions of Tasmania have 
a limited buffering capacity compared to mainland lakes.  Turbidities range from 
clear to moderately turbid (Tyler 1992).  Colour ranges from 0-600 Pt-Co units (Tyler 
1992).  
Tyler (1992) described a line (“Tyler’s Line”, first used to describe rotifer 
distribution;for example, Shiel et al. 1989) in Tasmania across which significant 
changes in the environment occur within a few kilometres.  Tasmanian water bodies 
display distinct differences either side of this line, which lies aslant the 146th meridian 
(Figure 1.1).  West of Tyler’s Line the landscape is characterised by temperate Figure 1.1 Location of Tyler’s Line and Lagoon of Islands.5
rainforest on Precambrian, Cambrian and Ordovician siliceous rocks.  High rainfall 
and strong west and south-west winds in the region bring marine salts from offshore.  
As a result the lakes in the area have ionic proportions near world average sea water 
(WASW; Tyler 1992).  The waters are stained the colour of tea, with red wavelengths 
penetrating the furthest, although only to a depth of about 2 m.  In contrast, the 
landscape east of Tyler’s Line is characterised by wet and dry sclerophyll forests on 
Jurassic dolerite.  Lower rainfall and weathering of dolerite creates a range of 
salinities, with ion concentrations depending on the balance between rainfall and 
evaporation.  The ionic composition of the water is similar to that of world average 
fresh water (WAFW; Tyler 1992).  The waters are generally clear, with a euphotic 
depth of up to 10 m.  The blue-green wavelengths penetrate to this depth.  The 
dichotomy associated with Tyler’s Line appears to extend to the fauna and 
microfauna, and has been found for frogs, caddisflies, stoneflies, molluscs, crayfish, 
rotifers and algae (Tyler 1992).  Lagoon of Islands lies to the east of Tyler’s Line 
(Figure 1.1).
In many respects, Tasmanian limnology bridges the gap between European limnology 
and that of the Australian mainland:  Tasmanian lakes have a range of depths from 
very shallow (<1 m deep) to Australia’s deepest natural lake (Lake St Clair); their 
order of ionic dominance is closer to that of world average fresh water (WAFW; 
mainland lakes are closer to world average sea water); they have low nutrient 
concentrations, their temperature range is more akin to that of European lakes; and 
their freshness (conductivity) is closer to that of European lakes (Tyler 1992). 
Tasmanian limnological studies thus offer an opportunity to compare the applicability 
of conceptual models developed for lakes in each region.6
1.4    Shallow lake ecology
Shallow lakes are considered to be those that can be largely colonized by macrophytes 
and that do not stratify for long periods in summer (Scheffer 1998), and are usually 
less than three (Moss 2003) or five (Padisák and Reynolds 2003) metres deep .  They 
are polymictic, and have a strong interaction between their sediments and the water 
column.  This, and the potentially large impact of aquatic vegetation, makes the 
functioning of shallow lakes different from that of their deep counterparts (Moss et al. 
1997, Padisák and Reynolds 2003).  International research on shallow lake ecology 
has focussed on the impact of eutrophication.
Shallow lakes do not always respond linearly to nutrient inputs and other forcing 
variables (Carpenter 2003, van Nes et al. 2007, Scheffer and van Nes 2007).  
Evidence from monitoring, experimental work and ecosystem modelling suggests 
shallow lakes can have a hysteretic response to a forcing variable (for example, total 
phosphorus).  Ecologically, this means that for a given combination of forcing 
variables multiple stability domains are possible, and the ecosystem can reside in any 
of these domains (Scheffer et al. 1993;  Scheffer et al. 2003, Carpenter 2003).  
Two stability domains are widely discussed in the literature, although up to four have 
been postulated (Scheffer et al. 2003).  Of the two commonly discussed, one is 
characterised by oligotrophic conditions  and clear-water; the other is characterised by 
eutrophic conditions and turbid water (Scheffer et al. 1993).  This ‘turbid-water’ state 
is generally considered undesirable by water managers because of adverse public 
reaction to the aesthetic values (turbid water) and (often) persistent algal blooms 
associated with it.   7
Identifying the forcing variables and dominant ecosystem processes in a lake is 
essential to identify which disturbances the ecosystem will be susceptible to, and 
therefore which monitored parameters could signal a switch between domains.  It is 
difficult to test an hypothesis using whole of lake experiments because of logistic, 
ehtical and social issues.  The difficulty is compounded by the problems in identifying 
a suitable ‘control’ or ‘reference’ lake to satisfy the rigours required for statistically 
significant results.  To overcome this, ecosystem modelling is often performed to 
illuminate dominant pathways and feedbacks in the lake (Canale and Seo 1996), 
specific lakes are set aside for research (for example, the Experinental Lakes Area in 
the United States of America; Carpenter and Kitchell 1993), or mesocosms can be set 
up within a lake for experimental manipulation (for example, Hunt and Matveev 
2005, Sommer and Sommer 2005, González Sagrario et al. 2005).
Ecosystem modelling has developed into a scientific discipline in its own right, with 
several journals devoted to the topic.  Ecosystem models have successfully been 
applied to eutrophic water bodies to inform management decisions in Europe, Japan, 
America and Australia (for example, Ahlgren et al. 1988; Bierman and James 1995; 
Recknagel et al. 1995; Asaeda and Vanbon 1997; Janse 1997; Elliott et al. 2001; 
Uytendaal et al. 2003, Groffman et al. 2006).
1.5    History of Lagoon of Islands
 Lagoon of Islands is a small, shallow lake on the Central Plateau of Tasmania (Figure 
1.1) at an elevation of 759 m ASL.  It is surrounded by Jurassic dolerite on the eastern 
edge of the Central Plateau and there is evidence of glacial activity on nearby Jillets 8
Figure 1.2:  Schematic representation of the geology of Lagoon of Islands.Figure 1.3   The process of island formation in Lagoon of Islands in its natural state.   (A) Cross 
section of the basin showing rhizomatous mat with small islands and underlying water and peat 
with banded lake muds at the base.  (B) Caespitose sedge Carex appressa raises soil above water 
level and terrestrial angoisperms colonise the tussock.  (C) As the island spreads, bushes of 
Leptospermum and Callistemon contribute to the island building.  (D) Eventually, trees 
(Eucalyptus sp.) colonise some islands and the increasing weight depresses the rhizomatous mat 
forming a moat of water around the island.  (E) Waterlogging leads to the death of the island.  
Woody remains of former islands can be found at the base of open pools.  (F) Presumably, the 
rhizomatous reeds recolonise the pools. (Reproduced from Tyler 1976a, b.)9
Tier on the eastern shore.  The banks of the eastern shore are lined with quartzite sand 
dunes, indicating the basin may have been formed by the erosion of underlying 
sandstone (Tyler 1976a).  Dolerite overlies conglomerate sandstone of the Permian 
Parmeener supergroup (Scanlon et al. 1990).  Glacial activity eroded the dolerite cap 
and some of the conglomerate/sandstone layer, forming the basin for Lagoon of 
Islands.  Older (Pre-Cambrian) quartz and schists underlie the conglomerate 
sandstone (Figure 1.2).
Prior to damming, Lagoon of Islands was an unusual ecosystem, with islands of 
vegetation floating upon its surface.  These eponymous islands included some 
endemic flora and were unique in composition. The formation of the islands has been 
described in detail elsewhere (Tyler 1976a, b), and is summarised below.
Initially, the rhizomes of the resident macrophytes, predominantly Baumea 
arthrophylla and Chorisandra cymbaria, interlaced, creating a dense mat.  It is 
believed that the mat grew like a Schwingmoore (steadily growing from the outside of 
the lake to meet in the middle, Tallis 1973) to cover the lagoon (Tyler 1976a, b). The 
rhizomatous mat floated just below the surface, buoyed by the gas produced from 
decaying matter in the water body (Figure 1.3A).  As the size of the island grew 
(Figure 1.3B), the islands became colonised by terrestrial plants including sedge 
(Carex appressa; Figure 1.3C).  Eventually the islands were colonised by shrubs and 
trees, including Leptospermum sp, Callistemon viridifloris, and Eucalypt sp. (Figure 
1.3D).  The mass of the island caused the rhizomatous mat to depress, and the islands 
became waterlogged, eventually resulting in the death of the island vegetation (Figure 10
WOODS
 LAKEFigure 1.4  Map showing the role of Lagoon of Islands in supplying water for riparian demand 
along the Ouse River, sparing water from Great Lake.11
1.3E).  The Schwingmoore then reformed over the depressed remains and the cycle 
continued (Figure 1.3F).
The sediments of Lagoon of Islands gradually compressed into banded peat layers 
about 2 m thick.  Below this the peat alternates with bands of grey lake mud.  
Radiocarbon dating of the lowermost peat stratum indicates an age of about 5000 
years (Tyler 1976a, b).
There are many ecological values associated with floating islands (Gopal et al. 2003; 
Van Duzer 2004).  Lagoon of Islands provided habitat for many bird species (Fletcher 
1924) including some species which are now threatened (Orange-bellied parrot, 
Neophema chrysogaster;  Great-crested grebe, Podiceps cristatus).  
The foreshore of Lagoon of Islands is rich in Aboriginal artefacts (notably steep and 
straight-edged scrapers thought to be heavy duty woodworking tools), with “the 
lunette [along the eastern shore] considered to be one of the most valuable of the 
known highland sites” (Cosgrove 1984).  It has previously been recommended that 
the lunette area and its environs be proclaimed a state reserve (Cosgrove 1984).
In 1964 the Poatina Power Scheme was built by the Hydro-Electric Commission.  
This diverted water from Great Lake (which used to flow south down the Shannon 
River and eventually into the Derwent River) north (through Poatina power station) to 
Brumbys Creek which flows into the South Esk River and discharges to Bass Strait 
(Figure 1.4).  A legal requirement placed on the Hydro-Electric Commission by the 
Poatina Power Act is the provision of a “reasonable supply” of water for irrigation in 
the Shannon and Ouse Rivers.  Any water that is discharged from Great Lake into the 12
Figure 1.5  Ripple Creek and Lagoon of Islands catchments and inflows, and the location of 
Ripple Canal and Blackburn Creek (the only significant outflow from Lagoon of Islands).Figure 1.6  Landsat 7 image showing the Staurastrum excavatum bloom in Lagoon of Islands, 1988.   
Copyright Commonwealth of Australia. 13
Shannon River can be attributed a monetary value due to lost power generation 
potential, as the water can no longer be used for electricity generation through Poatina 
Power Station.  In 1964, the Hydro-Electric Commission built a dam at Lagoon of 
Islands to provide water for riparian use in the Ouse River, thereby reducing riparian 
demand for water from Great Lake. The Inland Fisheries Commission stocked the 
lake with brown and rainbow trout and it quickly became a trophy fishery (Tyler 
1976a, b).  Water levels increased following construction of the dam, placing stress on 
the floating islands.  By the end of the 1970s the floating island ecosystem had died, 
the job completed by burning the vegetation (Tyler 1976a, b).
By the mid 1970s it was obvious that the lake’s small catchment (34.2 km2) could not 
service riparian demand in the Ouse River.  It was proposed that nearby Ripple Creek 
be connected to the lake through the construction of a canal.  Ripple Creek Canal was 
commissioned in 1984, increasing the catchment surface area to 83.2 km2 (Nazarov 
and Sanger 1992).  The Ripple Creek catchment covers an area of 49 km2 (Figure 1.5) 
and changes from an elevation of 1080 m to 865 m before it is piped into Lagoon of 
Islands.  The canal is 8.9 km long with banks of clayey, weathered dolerite overlain 
by a layer of loamy soil.  The annual sediment yield delivered into Lagoon of Islands 
from Ripple Creek Canal has been calculated to be 329 m3 (Prosser et al. 2000).  
In 1988, water quality problems were noticed in Lagoon of Islands.  The lake was 
eutrophic and an almost monospecific bloom of the desmid Staurastrum excavatum 
made the lake appear a brilliant green from the air (Figure 1.6; Maxwell and Tyler 
2006).  The water was unsuitable for irrigation, and poor fish condition was 
considered a reflection of deteriorating ecosystem health (IFS unpublished data).  The 14
Hydro-Electric Commission and Inland Fisheries Commission started monitoring 
water quality and commenced a targeted research program to investigate the cause of 
its deterioration.  An interim management strategy, which aimed to manage water 
levels to promote the growth of the macrophyte Triglochin procerum, was 
implemented in September 1990 in the hope that this would return good water quality 
to the lake (Nazarov and Sanger, 1992).  The targeted research program ended in 
1994, with the restoration of good water quality in Lagoon of Islands (Sanger 1994) 
but this was short lived.  The water quality monitoring program has been ongoing.  
Data from these studies have been used in this thesis, and are duly acknowledged.  
Although the data have been collected (by Hydro Tasmania) since 1989, no thorough 
analysis has occurred since 1994.Figure 1.7  Location of Baumea arthrophylla beds in Lagoon of Islands and year sighted.15
Anecdotal evidence suggests  Lagoon of Islands has always had a large macrophyte 
population (Fletcher 1924; Tyler 1976a, b) although no formal mapping or biomass 
estimations of the standing crop have been performed.  Triglochin procerum is 
widespread throughout the lake and there are isolated pockets of Eleocharis 
sphacelata near the dam wall, the mouth of Ripple Canal and along the south-western 
and eastern shorelines.  One Eleocharis bed (near the southern-eastern corner of the 
old ecosystem) is new since PhD study began in 2003.  Potomogeton sp and 
Myriophyllum sp also inhabit the lake.  Their distribution has not been mapped, but 
they have been observed near the mouth of Ripple Canal and in the south-western 
corner of the lake.  Chara sp has also been identified in this corner, although its extent 
has not been mapped.  Baumea arthrophylla has recolonised the lake following the 
death of the old ecosystem (Maxwell and Tyler 2006), and its distribution is 
increasing  (Figure 1.7).
1.6    Current use of Lagoon of Islands
Lagoon of Islands is now operated by Hydro Tasmania to provide riparian water for 
landholders along Blackburn Creek and downstream in the Shannon and Ouse 
catchments.  Algal blooms in the lake render the water unfit for the riparian users 
downstream.  The Tasmanian Inland Fisheries Service (IFS) aims to restore it as a 
successful trout fishery, and the lake is heavily utilised for recreation, especially 
camping and fishing.  Restoring water quality in Lagoon of Islands would benefit 
multiple users:  Hydro Tasmania, IFS, Ouse River irrigators and recreational users.16
1.7    Aims and significance of research
This study examines the causes of the recovery, and subsequent decline, of water 
quality in Lagoon of Islands following the 1988-1994 study by Dr Andrew Sanger.  It 
investigates the role of internal and external nutrient sources in maintaining eutrophy 
in Lagoon of Islands.  It also examines the role of other drivers in controlling 
phytoplankton biomass, and identifies the presence of alternative stability domains in 
Lagoon of Islands.  It explores the potential of climatic patterns to induce a switch 
between alternative stability domains and provides recommendations for management 
to restore the lake to oligotrophy.  
1.8    Structure of thesis
Initial research in this study focussed on analysing the existing data set to identify 
relationships between parameters (chapter 2).  These were used to develop a 
conceptual model of processes operating in the lake, and develop hypotheses for the 
causes of eutrophication (chapter 3).  Chapters 4-6 describe the results of 
investigations into the hypotheses presented in chapter 3, and chapter 7 presents the 
conclusions and recommendations arising from this study.17
CHAPTER TWO
EXISTING DATA SET
2.1  INTRODUCTION
A water quality monitoring program commenced at Lagoon of Islands in September 
1989 following a severe bloom of the desmid Staurastrum excavatum (Sanger et al. 
1993), and is ongoing.  Data were collected across 5 sites by Hydro Tasmania 
(Figure 2.1), although most parameters were not measured for the full 17 years or at 
each site.  The sampling frequency varied throughout the the program (Figure 2.2) 
and is detailed in Appendix 1.Figure 2.1:  Sampling sites for the monitoring program at Lagoon of Islands.18
Long-term data sets as comprehensive as exists for Lagoon of Islands are rare 
(Ibelings et al. 2007).  They offer a valuable opportunity to better understand an 
ecosystem’s behaviour (Ferris 1992).  There is great value in analysing such data sets, 
not only for the information revealed about long-term trends in the system for which 
the data was collected, but also for identifying trends or patterns that may also occur 
in the surrounding region.  Since 1994 the data had only been analysed on an annual 
scale with patterns compared to the previous 5 years of data in unpublished, internal 
Hydro Tasmania reports.
Hydrological data were collected since the dam was commissioned in 1964.  Lake 
level and outflow volumes were recorded (at least) daily from November 1964.  
Inflow volumes from Ripple Canal were recorded every 20 minutes since the canal 
was commissioned in June 1984.
Rainfall, wind speed and direction and solar radiation were measured on the southern 
shore of the lake every 30 minutes since March 1990 (Figure 2.1).  Air temperature 
and humidity were recorded every 30 minutes since March 1993.
Fish recruitment and growth at Great Lake are influenced by the El Niño weather 
phenomenon (Harris et al. 1988).  Great Lake is 25 km from Lagoon of Islands but is 
almost 300 m higher (1030 mASL).  To determine whether El Niño could have a 
similar influence at Lagoon of Islands, the Southern Oscillation Index (SOI, a Figure 2.2:  Sampling frequency for the water quality monitoring program.19
measure of El Niño) was added to the Hydro Tasmania data set.  Monthly SOI values 
were obtained from the Australian Bureau of Meteorology. 
Limited historical water quality data (pre-1989) are available for Lagoon of Islands.  
Most are from single sampling trips at irregular intervals (Figure 2.3) and measure 
ionic composition and physical properties of the water body.  There are only two 
chlorophyll a measurements in the historical data set (1982 and 1988) and the only 
nutrient data are from 1988. 
2.2  AIMS
This chapter describes the methods used to reduce the data set and to identify patterns 
and relationships within it.  This information was used to formulate a theoretical 
framework for this study.
2.3  STRUCTURE OF THE DATA SET
The water quality monitoring program had collected data on parameters that measure 
a wide range of limnological processes in Lagoon of Islands.  These included:
* Physico-chemical parameters, including temperature, dissolved 
oxygen, conductivity and pH;Figure 2.3:  Historical data available for Lagoon of Islands (pre 1989).20
*  Major ions (calcium, sodium, potassium, magnesium, bicarbonate, 
sulphate and chloride), which provide information on catchment wide 
geochemistry and biogeochemical cycling in the lake;
* Nutrients (total phosphorus, total Kjeldahl nitrogen, reactive 
phosphorus, ammonia, nitrate and nitrite, and silica), which are essential 
macronutrients for phytoplankton;
* Trace metals (total and filterable iron and manganese), which are 
linked to sediment-water column exchange.  In anoxic environments, these 
metals are present in their reduced forms (Mn2+ and Fe2+), which are soluble;
* Water clarity (suspended solids, turbidity and secchi depth).  These 
parameters are also linked to sediment processes.
‘Filterable’ parameters in the data set are those where the sample had been passed 
through a 0.45 µm pore size filter prior to analysis and are likely to also contain 
bacteria.  The parameters in the water quality data set, and the period over which they 
were measured, are discussed in Appendix 1.  The data are available from Hydro 
Tasmania upon request.
2.3.1    Data quality
The hydrological and meteorological data collected by Hydro Tasmania were quality 
coded by Hydro Tasmania personnel.  The water quality data set (Table 2.1) had had 
no formal quality audit.21
Some of the parameters in the water quality data set were repetitious.  Nitrate, nitrite 
and ammonia had been measured, as had ‘filterable nitrate’, ‘filterable nitrite’, and 
‘filterable ammonia’.  Nitrate, nitrite and ammonia are dissolved species and therefore 
will always pass through a 0.45 µm pore size filter.  Therefore their concentrations 
should always equal those of the ‘filterable’ measurement.  The agreement between 
concentrations of these parameters and their filterable counterparts was assessed 
using linear regression as a quality control check on the data.  Concentrations below 
analytical detection limits were treated as missing values and excluded from the 
analysis, as there were too many to allow for meaningful statistical analysis between 
the filterable and unfilterable data sets if they had been included by assuming a value 
for them.  The ammonia data sets were transformed (log10) however no mathematical 
transformation satisfactorily fit the nitrate data sets (due to the large number of 
measurements below the detection limit) so the raw data were analysed.  
Exclusion of values below the detection limit for filterable nitrite left too few samples 
for linear regression (n=3) so the data could not be compared.  Unfiltered nitrite was 
left in the data set as it had a longer record than the filterable nitrite.Table 2.1  Limnological parameters investigated.
Untransformed parameters Transformed parameters (Log10)
Wind speed Air temperature Conductivity Suspended solids
Humidity Water temperature Turbidity Bicarbonate
Dissolved oxygen Secchi depth Filterable turbidity Chloride
pH Calcium Redox Silica
Magnesium Potassium Outflows Inflows
Sodium Solar radiation Total iron Filterable iron
Total manganese Rainfall22
Both ammonia and nitrate had significant regressions with their ‘filterable’ 
counterparts (ammonia and filterable ammonia: F-ratio = 237.652, MSregression 0.724 
> MSerror 0.003, slope = 0.91, intercept = 0.016, n = 55; nitrate and filterable nitrate: 
F-ratio = 263.783, MSregression 2.365 > MSerror 0.009, slope = 0.97, intercept = 0.038, 
n = 71).  Slopes close to unity indicate good agreement between the data sets, so the 
‘unfiltered’ data were kept and the filterable data discarded.  
2.3.2    Outliers, missing values and values below the 
detection limit
Outliers were identified using box plots.  Outliers were checked, where possible, 
against original field notes to identify any typographical errors (which were 
corrected).  All other outliers were retained in the data set.  
Where chemical parameters had concentrations reported as below analytical detection 
limits these were replaced by half the detection limit for subsequent statistical 
analyses.  Missing values were estimated by linear interpolation between 
concentrations from adjacent field trips.  Where concentrations were missing for two 
or more field trips, their dates were included with the concentration left blank.
2.3.3    Distribution
The distribution of data for each parameter was assessed using box plots.  A normal 
distribution is often an assumption of linear models (Quinn and Keough 2002).  A 23
log10 transformation was applied to make the distribution of some parameters closer 
to normal (Table 2.1) where normality was an assumption of the statistical procedure.  
The suitability of the transformation was confirmed using box plots before statistical 
analysis.
2.3.4    Data set reduction
Data were analysed at monthly frequencies.  Where multiple samples occurred in the 
same month (71 of 192 months) the earliest sampling date was used to maintain an 
approximate monthly separation between samples.  For bimonthly data the months 
between samples were treated as missing values.  
2.3.4 (a)  Field and laboratory data sets
Some parameters had both ‘government analyst laboratory’ (GAL) and in situ (field) 
data.  These were turbidity, conductivity, total dissolved solids and pH.  The 
agreement between analyses from these sources was assessed using simple linear 
regression.
The sampling periods for the total dissolved solids (TDS) data sets did not overlap so 
the agreement between the data could not be assessed.  Total dissolved solids can be 
calculated from conductivity by assuming an ionic composition similar to sea water.  
This ionic composition does not apply to Lagoon of Islands (section 2.4.5) so total 
dissolved solids in Lagoon of Islands cannot be estimated this way.  Therefore, the 
total dissolved solids data were only used for assessing the spatial and vertical 
homogeneity of the lake (section 2.4.3).24
There was good agreement between the conductivity data (Pearson’s r = 0.94, 
n = 104) so in situ data was retained (as it is a longer data set) and the GAL data were 
excluded. 
The field and laboratory turbidity data sets also showed good agreement by linear 
regression (equation 1)
Log10 turbGAL = 0.83(Log10 field turb) + 0.14 ...............(1)
(F ratio = 97.47, MSregression 1.58 >MSerror 0.02, n = 36).
Turbidity measured by the government laboratories was consistently lower than that 
measured in situ (equation 1), presumably due to some setling of sediments in the 
samples.  Equation 1 was used to ‘correct’ GAL data for which there is no 
corresponding in situ record to provide a more complete record of in situ turbidity in 
Lagoon of Islands.
The pH data sets did not show good agreement (F ratio = 1.29, MSregression 0.44 > 
MSerror 0.33, n = 28).  pH samples not measured in situ are known to change over 
time (Standards Australia and Standards New Zealand 1998) hence the field data set 
was assumed to be more accurate and the GAL data were excluded.
There was a good correlation between the Government Laboratory analyses and field 
data obtained using an Orbeco-Helige instrument for ammonia (ρw=0.68, n=66, 
p<0.05), but the GAL data provided a more complete record, so the Orbeco data were 
excluded.25
2.4  METHODS
All statistical analyses were performed in Systat 11 (Systat Software Inc.) except 
where otherwise noted.  
2.4.1    Hydrology
Annual water inflows and outflows were calculated as a fraction of the volume of the 
lake at 759.40 mASL (herein called ‘lake volume’).  Descriptive statistics were 
calculated on both the raw flow volume data and the lake volume data.  Annual 
hydrological residence times were calculated according to the method described by 
Vollenweider (1975).  
2.4.2    Meteorological data
Wind direction was recorded in degrees and subsequently grouped in eight sectors 
(north, north-east, east, south-east, south, south-west, west and north-west).  The 
dominant wind direction for each month was identified using wind roses.  Monthly 
total wind strength was obtained by summing the wind speed (recorded every 30 
minutes) across each month to get the total wind speed recorded at Lagoon of Islands 
for that month.  Inter-annual patterns could not be assessed as a minimum of 20 years 
data are required to identify patterns on inter-annual timescales (Blenckner 2005).
Rainfall was recorded on site by Hydro Tasmania since March 1990.  The data were 
analysed to identify seasonal and annual patterns.26
2.4.3    Homogeneity of the water column
2.4.3 (a)  Vertical homogeneity
The data for this test were obtained by Hydro Tasmania prior to commencement of 
the PhD (between August 1999 and March 2000 and again between December 2000 
and January 2003), but had not been analysed to assess vertical homogeneity in the 
lake.  
Five variables (temperature, conductivity, dissolved oxygen, pH and total dissolved 
solids) were measured at different depths through the water column (surface, 0.5 m 
and 1.0 m) to determine the vertical homogeneity of the water column at each site.  
Most of the lake is shallow (<1.5 m deep, chapter 4) and sampling at these depths was 
considered to give a representative profile of the water column.   The surface property 
was always measured; the second depth of measurement alternated between 0.5 m 
and 1.0 m.  The parameters were never measured at both 0.5 m and 1 m below the 
surface on the same day.  The deeper measurement was compared to the surface 
measurement (for each site) using simple linear regression.  
2.4.3 (b)  Spatial homogeneity
Eight parameters were measured at each of five sites in Lagoon of Islands 
(temperature, conductivity, dissolved oxygen, chlorophyll a, turbidity, filterable 
turbidity, pH and total dissolved solids).  These were used to assess the spatial 
variability of the water column across the lake using a one-factor analysis of variance 
(ANOVA).  27
2.4.4    Diel variability
The diel variability of temperature, dissolved oxygen and pH was assessed using data 
collected between November 1998 and July 1999 and between 30 August - 3 
September 2004.  Additional temperature data were available from a temperature 
probe installed at the dam wall in May 2004.
2.4.5    Ionic composition
All samples for major ions were taken from site 2 (Figure 2.1) between September 
1989 and July 1998.  The order of ionic dominance was determined.  Seasonal 
variations were assessed by inspection of time series plots.  Sodium and chloride are 
relatively conservative in their behaviour in freshwaters (Wetzel 2001) and were used 
as a basis for comparison of the behaviour of the other major ions.  
2.4.6    Time series analysis
The data sets were analysed to identify long-term temporal trends and seasonal 
patterns in their behaviour.  A wide range of statistical techniques are available for 
exploring the relationships and patterns in the data ‘cloud’ of a long term data set 
(Jassby and Powell 1990; Clarke 1993; Anderson and Willis 2003).  Time series 
analysis requires filtering the series, identifying (and subtracting) seasonal patterns, 
and then examining the residuals to identify any patterns (Jassby and Powell 1990). 28
Autocorrelations are the ordinary Pearson correlation of a series of numbers with the 
same series shifted by one observation (Wilkinson and Balasanov 2004).  Most 
parameters were autocorrelated so non-parametric procedures (for example, Mann-
Kendall test) were inappropriate (Esterby 1996).  Instead, the data were analysed 
according to the procedure described by Wilkinson and Balasanov (2004) which 
incorporates autocorrelations in the time series analysis.  This procedure uses a 
combination of autocorrelation (ACF) and partial autocorrelation (PACF) plots to 
identify dependencies (for example, seasonality) in the data.  Differencing at 
appropriate lag times is used to eliminate the dependencies (Wilkinson and Balasanov 
2004).  Loosely seasonal behaviour (regular patterns on a pseudo-annual scale) was 
identified from inspection of the time series plot.
2.4.7    Physico-chemical parameters
Percent saturation of dissolved oxygen was calculated from the concentration 
measured at site 3 using the method described by Benson and Krause (1980).  Air 
pressure data were obtained for Hobart from the Bureau of Meteorology (BoM) and 
corrected for altitude by applying the aviation criterion employed by the Bureau of 
Meteorology (equation 2; I Barnes-Keoghan, BoM, pers. comm).
where:
Pcorr = corrected air pressure at Lagoon of Islands (hPa)
Pcorr 1013.25
QFE
1013.25
------------------⎝ ⎠⎛ ⎞
1
5.2561
---------------
2.2557x10 5– H×+
5.2561
= .........(2)29
QFE =  PHobart = barometric pressure (at Hobart; hPa)
H = height above mean sea level (=759 m for Lagoon of Islands)
2.4.8    Nutrients
Ratios between nutrient species were calculated and treated as time series.  The ratios 
and their method of calculation are presented in Table 2.2.  Analytical methods for 
nutrient species are given in Appendix 1 and their role in ecosystem dynamics 
discussed in chapter 3.Table 2.2:  Nutrient ratios and method of calculation.  
Parameter Calculation
Proportion filterable nitrogen
Filterable TKN + NO3-+ NO2-
TKN + NO3- + NO2-
Proportion inorganic nitrogen
(reactive nitrogen, RN)
NO3- + NO2-+NH3
TKN + NO3- + NO2-
Proportion ammoniacal nitrogen
         NH3        
TKN + NO3- + NO2-
Proportion reactive phosphorus (RP) Reactive phosphorusTotal Phosphorus
Proportion soluble and colloidal phosphorus Filterable total phosphorusTotal phosphorus
Ratio total nitrogen (TN): total phosphorus (TP) TKN + NO3
- + NO2-
Total phosphorus30
2.4.9    Biological productivity
Chlorophyll a data provide a measure of phytoplankton biomass.  The chlorophyll a 
data were evaluated to identify patterns and so infer relationships in phytoplankton 
biomass. 
Silicon (present as silicate, SiO42-) is a potentially limiting element for diatoms 
(which use it to construct cell frustules).  Hence the temporal and spatial dynamics of 
silicon may influence the diatom population and vice versa.  The silicon data were 
investigated to assess the dynamics of the diatom population in the lake.
Zooplankton species (including rotifers) and abundance data, and phytoplankton 
species and relative abundance data (Appendix 1), were analysed to identify temporal 
and successional patterns.
2.4.10    Exploratory data analysis
2.4.10 (a)  Multiplicity of regressions
The data set was separated into three periods reflecting the jumps in the time series:  
September 1989 – June 1991, July 1991 – March 1997 and March 1997 – June 2006.  
The periods were identified by either:
1. a sudden change in the time series (TP, TKN, chlorophyll a, turbidity); 
or
2. the inflexion point of a gradual change in the time series (for example, 
pH).31
Possible relationships for each period were identified using a scatterplot matrix and 
investigated using linear regression.  All parameters except temperature were 
transformed (log 10) to satisfy the normality requirement for linear regression (Table 
2.3).
2.4.10 (b)  Principal Components Analysis
Principal components analysis (PCA) is an exploratory analysis technique that has 
proven very effective for identifying patterns in quantitative data (Clarke 1993; 
Simeonov et al. 2001; Simeonov et al. 2002; Anderson and Willis 2003).  It is a 
multivariate technique in which the data are plotted in multidimensional space.  Axes 
are then placed in the multidimensional space so that as much variation as possible is 
described by each axis.  Each axis is orthogonal to all other axes.  The axes are called 
principal components or latent roots (Quinn and Keough 2002). 
A varimax rotation was applied after the PCA procedure to highlight the relationships 
between the variables and the factors (rather than the relationships between factors; 
Stenson and Wilkinson 2004).  Varimax rotation reduces the load of variables on 
multiple components by rotating the axes so that the coefficients within the Table 2.3:  Parameters included in the Principal Components Analysis
Temperature Log10 turbidity
Log10 total phosphorus Log10 total iron
Log10 ammonia Log10 RN:RP
Log10 conductivity Log10 rainfall
Log10 TN:TP Log10 total nitrogen
Log10 chlorophyll a Log10 solar radiation
Log10 SOI Log10 reactive phosphorus
Average wind speed32
component are as close to one or zero as possible.  The axes remain orthogonal to 
each other under varimax rotation (Quinn and Keough 2002).  
PCA was performed on 15 parameters from the data set (Table 2.3) using a 
correlation matrix.  These parameters have been related to poor water quality in lakes 
elsewhere (for example, Harris 1994; Hamilton and Mitchell 1997; Holmgren 2001; 
Scarsbrook et al. 2003). Two of the variables included in the analysis were ratios:  the 
ratio between total nitrogen (TN) and total phosphorus (TP); and the ratio between 
reactive nitrogen (RN) and filterable reactive phosphorus (RP; Table 2.3).  The ratio 
of TN:TP is a measure of the extent to which the phytoplankton could be limited by 
nutrients in the long term.  The ratio of RN:FRP measures the nutrient most likely to 
provide short term limitation, as reactive nutrients are rapidly recycled by bacteria 
and phytoplankton (Moss 1980).  Filterable reactive phosphorus (FRP) is a more 
accurate estimate of short-term bioavailable phosphorus than total reactive 
phosphorus (Wetzel 2001) but TRP was used for the ratio because it had a longer data 
set.  
2.4.10 (c)  Multidimensional Scaling (MDS)
Non-metric multidimensional scaling (MDS) has been widely used in ecology for 
identifying patterns in community structure (ANZECC and ARMCANZ 2000).  MDS 
is a technique which gives a graphical representation of (dis)similarities between 
objects.  The (dis)similarities between samples are calculated using an appropriate 
distance measure and the distances are represented graphically, usually in two or three 
dimensions (Clarke 1993).  The graphical representation produced is called an 
ordination.  If data points are apart on the ordination plot they are dissimilar, if they 33
appear close together they are similar.  Clarke (1993) suggests that a calculated stress 
of  >0.20 is essentially random, <0.15 is acceptable and <0.10 is a good representation 
of the patterns in the data.
MDS was performed in Primer 5 on zooplankton abundance data (using a Bray-Curtis 
dissimilarity matrix) after transformation for species presence/absence, and on 
zooplankton abundance data.  The abundance data were fourth root transformed to 
ensure the ordination was not biased by species which are less common than other 
species in the lake (Clarke 1993; Clarke and Warwick 1998).  Ten iterations were 
performed for each zooplankton MDS to ensure the lowest stress was identified 
(Clarke 1993).
MDS was also performed on the phytoplankton data to identify any patterns either in 
dominant species or in the presence or absence of phytoplankton species in the lake.  
Species abundance data were available as a relative measure (Appendix 1) so did not 
need to be transformed.  The MDS was calculated using Bray-Curtis dissimilarity 
matrices with 10 iterations to calculate the lowest stress.
2.4.10 (d)  BIO-ENV routine
The effect of abiotic factors on biota is of great interest to researchers of freshwater 
ecosystems (Declerck et al. 2005).  Many techniques are available which try to link 
the abiotic variables to the biotic data in a meaningful way, however most of these 
techniques are restricted by limitations involving assumptions regarding normality, 
linear relationships between parameters and restrictions on the number of variables 
compared to the number of samples (Clarke 1993; Clarke and Ainsworth 1993; 34
Anderson and Willis 2003).  The BIO-ENV routine in PRIMER 5 is designed to 
determine which environmental parameters most influence biota in the water column.
The BIO-ENV routine selects the environmental variables that best explain biotic 
community patterns by maximising a rank correlation between their respective 
dissimilarity matrices (Clarke and Ainsworth 1993).  It uses the weighted Spearman’s 
rank correlation (ρw) to prevent the most common and abundant species from 
obscuring the less abundant, less-common species (Clarke and Ainsworth 1993).  The 
BIO-ENV routine was performed on the same environmental parameters from the 
data as used for PCA (Table 2.3), except that solar radiation was not included (as it 
had too many missing values).  These environmental variables were compared with 
both phytoplankton and zooplankton abundance and presence/absence data to identify 
whether any environmental variables relate to the presence or dominance of certain 
species.  All environmental variables except temperature were log10 transformed.  
The biotic data were measured on a similar scale and so were not transformed (Clarke 
and Ainsworth 1993).
The biotic data were converted to dissimilarity matrices using the Bray-Curtis method 
(Clarke and Ainsworth 1993).  The environmental data were converted to a 
dissimilarity matrix by calculating their Euclidean distances.  Ten iterations were 
performed to ensure the global minimum stress was achieved (Clarke 1993).  Each 
iteration was able to select a maximum of five parameters from all of the parameters 
made available to the BIO-ENV routine (ie, from all of the environmental parameters 
used in the PCA except for solar radiation).35
2.4.10 (e)  RELATE procedure
PRIMER 5 offers the RELATE procedure.  This allows the user to identify any 
multivariate relationship between two similarity matrices using a rank correlation.  
This procedure was performed on similarity matrices from the phytoplankton relative 
abundance (51 samples) and zooplankton abundance (51 samples) data and on 
matrices from the phytoplankton (51 samples) and zooplankton (51 samples) 
presence-absence data, with 999 permutations.  Bray-Curtis similarity matrices were 
calculated from the data.  The zooplankton abundance data were fourth root 
transformed prior to calculation of the similarity matrix (Clarke 1993).
2.5  RESULTS
2.5.1    Hydrology
The increase in water level following commissioning of the dam in 1964 and the 
lower water levels associated with drier years from the mid 1970s to 1984 are seen 
clearly in the time series plot (Figure 2.4).  The rapid increase in water level in 1985 
follows the commissioning of Ripple Canal the previous year.  Since September 1990 
the water level has been maintained between 758.34 m and 759.40 m.
Descriptive statistics for the hydrological data are given in Table 2.4.  Lagoon of 
Islands receives an average of 5257 ML (0.40 lake volumes) from the Ripple Creek 
catchment each year, receiving at least half of the lake volume in 7 years of the 20 on 36
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record (Figure 2.5).  This has happened more frequently since Waddamana power 
station was decommissioned in 1994.  
More than half the lake volume has left the lake in only 6 of 44 years on record 
(Figure 2.6).  The volume of water released increased by an order of magnitude in the 
early 1990s (Figure 2.7), reflecting the shut-down of the Waddamana power station in 
1994 and increasing irrigation demand in the Ouse River (G. Carson, Hydro 
Tasmania, pers. comm.).  Since 1992 at least one-third of the lake volume has been 
released in each year except 2000.  
2.5.2    Meteorological data
Lagoon of Islands received an average rainfall of 541 mm per annum (standard 
deviation = 86 mm) since the meteorological station was installed in 1990, ranging 
from 432 mm in 1997 to 766 mm in 2001.  Although there is no strong seasonal 
signal, autumn is generally the driest period (Figure 2.8).  September is generally the Table 2.4:  Descriptive statistics for annual hydrological parameters over the 
period on record (inflows 1984-2005, outflows 1961-2005).  ML = megalitres. 
* Ratio of Q to lake volume at water level = 759.4 m
 Statistical parameter
Annual Inflows Annual Outflows
Q (ML) Lake volume* Q (ML) Lake volume*
Minimum 451 0.03 0.00 0.000
Maximum 8693 0.66 13 306 1.01
Mean 5257 0.40 3 023 0.23
Std deviation 2633.5 0.20 3 515 0.29
Sample population 20 4438
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Figure 2.6:  Annual lake volume discharged to Blackburn Creek (calculated on calendar 
year).Figure 2.7:  Outflows from Lagoon of Islands (annual totals).40
wettest and most variable month and February is generally the driest month.  June has 
the most consistent rainfall.
Winds over Lagoon of Islands have been dominated by southerlies since the station 
was installed in March 1990 (81 of 161 months on record).  Southerly winds are 
likely to dominate the wind patterns throughout all months of the year except for July, 
August and September when north-westerly winds can also dominate.  Winds over 
Lagoon of Islands are generally calmest in March and strongest in September. 
A quasi-decadal pattern in the strength of the zonal westerly winds (ZWW) over 
Great Lake has been identified (Harris 1988).  The data are consistent with this 
pattern extending over Lagoon of Islands.  Stronger winds were identified in years at 
either end of the data set and calmer winds between 1996 and 1998.  Figure 2.8:  Average monthly precipitation at Lagoon of Islands.  Bars are +/-  one 
standard deviation.41
Over 20 times more solar radiation (daily average 383 W/m2) reaches Lagoon of 
Islands in summer than in winter (daily average 18.4 W/m2).  This annual variability 
is likely to strongly influence primary production in the lake.
2.5.3    Homogeneity of the water column
2.5.3 (a)  Vertical homogeneity
Comparison of chemical parameters measured at the surface, 0.5 m and 1.0 m confirm 
that Lagoon of Islands is well mixed vertically (Appendix 4).  No significant 
differences were found between surface and deep measurements for the parameters 
measured (temperature, DO, TDS, pH and conductivity).
2.5.3 (b)  Spatial homogeneity
The ANOVA results show Lagoon of Islands is well mixed spatially for 6 parameters 
but not turbidity and chlorophyll a (Table 2.5).  Tukey’s post-hoc testing showed that 
chlorophyll a was significantly different between sites 5 and 2 and a significant 
difference in turbidity between site 5 and both sites 2 and 3.  These sites are along an 
approximate north-south transect of the lake (Figure 2.1).  There was no difference 
between sites for the contribution of colloidal material to turbidity.
2.5.4    Diel variation
The temperature probe at the dam wall (installed May 2004) recorded an average diel 
range of 2.9ºC.  The smallest ranges were observed in winter (average 2.0ºC) and 42
greatest in autumn (3.7ºC).  Large variability (>9ºC) was observed in all seasons, and 
may reflect differences in the depth of the probe as well as climatic factors.  
Diel data from 30 August 2004 – 3 September 2004 (Figure 2.9) show dissolved 
oxygen in the water column typically peaks in the middle of the afternoon (1400 – 
1500 hours) and steadily declines until early morning (about 0700 hours) before 
increasing steadily.  The diel range of dissolved oxygen saturation was 5%, and 
saturation always remained about 90%.  These results are consistent with 
investigations conducted between November 1998 – July 1999, which showed 
dissolved oxygen sagged to 84.5% saturation overnight (Hydro Tasmania 
unpublished data).  Diel pH data collected in 2004 ranged between 7.3 and 7.8 and 
peaked in the evening (ca 1730 hrs) and was lowest in the mid-morning (ca 10 am).  Table 2.5:  ANOVA results for spatial homogeneity.  Significant results are in 
bold typeface.
Parameter F ratio P
Temperature 0.089 0.986
Conductivity 1.223 0.300
Dissolved oxygen 0.229 0.922
Total dissolved solids (field) 0.216 0.930
Turbidity 8.162 0.000
Colloidal turbidity 0.220 0.930
Chlorophyll a 2.590 0.04043
(a)
(b)Figure 2.9:  Diel profiles for (a) percent saturation of dissolved oxygen and (b) pH in 
Lagoon of Islands, 30 August - 1 September 2004.44
2.5.5    Ionic composition
Water in Lagoon of Islands is classified as soft (ANZECC and ARMCANZ 2000).  
The low concentration of total dissolved solids limits the buffering capacity of 
Lagoon of Islands (Appendix 2).  Historical records show conductivity has declined 
since the lagoon was dammed. 
Ionic balances can been used to assess the accuracy of the ionic analyses, however 
greater errors can be expected in waters which are very low in total ion concentration 
(Johnson et al. 1979).  Sixteen percent of the data set (19 of 121 records) had an error 
in the ion balance greater than the accepted limit of ± 0.10 (10%) of the sum of 
cations and anions.  These were temporally scattered throughout the data set.  The 
errors were distributed between both excess anions (4 of 16) and excess cations (12 of 
16), consistent with waters of low ionic concentrations (Johnson et al. 1979).  
Johnson et al. (1979) found that silicate anions can be inferred from an apparent 
excess of cations in the ion balance.  This provides a possible explanation for some 
differences in the ionic balance, but was discounted for others as the errors do not 
always coincide with peaks in the concentration of silicon.  The most probable 
explanation remains analytical artefacts consistent with the low ionic concentrations 
in Lagoon of Islands.
No seasonal pattern was identified in ionic dominance.  The order of ionic dominance 
for Lagoon of Islands is consistent with that described by Buckney and Tyler (1973) 
with calcium and bicarbonate the dominant ions.  The proportion of sodium and 
magnesium has changed and the relative abundances of the two species are now 
almost equal (Figure 2.10 and Appendix 2). This composition is consistent with that 45
of New Zealand fresh waters (NZFW; Close and Davies-Colley 1990) and differs 
from world average fresh water (WAFW) in the order of sulphate and chloride 
(Boulton and Brock 1999; Table 2.6).  Most Australian salt lakes are dominated by 
sodium and chloride (Williams 1974).
The anionic composition of Lagoon of Islands changed distinctly during the sampling 
period (Figure 2.11).  In July 1994 there was a shift in the relative proportion of 
bicarbonate and chloride in the water column which persisted for one year, and 
smaller shifts in May 1991, December 1992 and May 1993.  The reason for these 
shifts is not known.  The average proportion of each anion is consistent with historical 
data (Buckney and Tyler 1973) .
The ratio of sodium:chloride had ranged more than five-fold  (0.004-0.022, 
mean = 0.013, n=120; Figure 2.12).  There was no long term or seasonal trend in the 
data.  The large range of the ratio could reflect analytical uncertainty, and/or changes Figure 2.10:  Ternary diagrams showing relative ionic composition of Lagoon of Islands.  
WASW = World average seawater.  Other abbreviations as in text.46
in the volume of inflowing waters from Ripple Canal during the Staurastrum 
excavatum bloom (1990-1992). Neither ion is involved in significant biogeochemical 
processes and they are considered to have a relatively constant ratio.  Other ions 
displaying conservative behaviour relative to chloride were magnesium and sulphate.  
Magnesium is conservative within Lagoon of Islands, and its proportion has remained 
relatively constant at 29% of total cations.  There appeared to be a peak in magnesium 
concentration in 1992, which coincides with the end of an algal bloom.  Magnesium is 
required by chlorophyllous plants, although the biotic demands for magnesium are 
minor in comparison to quantities generally present in freshwaters (Wetzel 2001).   
The peak in magnesium concentration at the end of the algal bloom may reflect 
release by decomposition of the bloom. 
Calcium, potassium and bicarbonate did not behave conservatively relative to 
chloride.    The concentration of calcium in the lake displayed seasonal fluctuations, 
peaking in summer (Figure 2.13).  A trial ion product (TIP) calculation (using the 
mean concentration of calcium and carbonate) indicates Lagoon of Islands is Table 2.6:  Relative ionic composition of selected waters, given as milliequivalent 
percent of total anions or cations.
*WAFW and WASW are sourced from Boulton and Brock (1999).  1historical composition given 
in Buckney and Tyler (1973).  2the average composition of the water quality monitoring data.  
NZFW is calculated from data presented in Close (1990).
Water HCO3- Cl- SO42- Ca2+ Mg2+ Na+ K+
WAFW* 73 10 16 63 18 1 3
WASW* <1 90 9 3 18 77 2
Lagoon of Islands1 65 33 1 46 29 23 2
Lagoon of Islands2 68 31 1 39 29 31 1
NZFW 68 21 12 49 18 31 347
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saturated with calcium carbonate (calculated TIPLoI = 3.9x10-9 mol2 L-2; 
Ksp CaCO3 (calcite) = 3.5x10-9 mol2 kg-2 at 20 degrees C; Pilson 1998).  Bicarbonate 
concentration shows seasonality, with the daytime concentration lowest in early 
spring and highest in autumn.  
The seasonality of bicarbonate and calcium is governed by the equilibrium between 
the component ions and calcite (CaCO3(s)).  The dynamics of this equilibrium are 
complex, and are affected by the solubility of calcite, photosynthesis and evaporation 
in summer (Langmuir 1997).  Calcite has an exothermic heat of dissolution, so it 
becomes less soluble as the temperature increases, resulting in precipitation of calcite 
from saturated waters in summer (Langmuir 1997).  Photosynthesis results in the 
consumption of carbon dioxide by aquatic vegetation..  The effect is most pronounced 
in slow-moving waters clogged with vegetation, such as Lagoon of Islands.  Such 
waters may become supersaturated with calcite, however the kinetics of calcite 
precipitation are too slow for it to precipitate during a diel cycle (Langmuir 1997).  
Evaporation causes the concentration of Ca2+ to increase until the concentration is 
sufficient for calcite precipitation (Langmuir 1997).  In Lagoon of Islands, these 
processes co-occur, resulting in complex interactions between calcium and 
bicarbonate, which govern their seasonality.
Sulphate is important in the redox chemistry of sediments.  Sulphate reducing bacteria 
are important in anoxic sediments where bacterial remineralisation of organic matter 
produces nutrients which can diffuse from the sediments (Gaechter and Meyer 1993).  
The changes in sulphate concentrations in Lagoon of Islands are small, and probably 
not significant.50
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The concentration of potassium is known to decrease in lakes in which there is an 
algal bloom as the potassium is used by the algal population (Wetzel 2001).  Lagoon 
of Islands had an intense algal bloom during the time that the proportion of potassium 
in the lake decreased (Figure A3.25).  There is some evidence for seasonality of 
concentrations with minima in summer and autumn, mostly in April.  The exceptions 
are 1992 and 1993 when the minima occurred in December.  These timings are 
consistent with peaks in the algal population (measured by chlorophyll a).  Thus 
elevated algal biomass provides the most probable explanation for the seasonality 
displayed by potassium.
2.5.6    Seasonal behaviour
The seasonality of major ions was discussed in the previous section.  All hydrological 
and meteorological parameters displayed seasonal behaviour except for wind speed 
and rainfall (Table 2.7).  Eight water quality parameters displayed well-defined 
seasonal behaviour (colour, silica, secchi, conductivity, temperature, dissolved 
oxygen, total manganese and filterable manganese) and another six parameters 
displayed behaviour that appeared to be quasi-annual (where there was a pattern in the 
data that varied between 11-13 months; Table 2.7).  
pH  displayed seasonal fluctuations (peaking in summer/autumn and at its lowest in 
early spring) from 1990-1993 and since 2000 (Figure A3.3).  This coincides with 
elevated chlorophyll a concentrations in the lake, reflecting the influence of 
photosynthesis on the carbonate equilibrium in poorly buffered waters.52
2.5.7    Long term patterns
Eight parameters have increased or decreased since the inception of the monitoring 
program (Table 2.9 and individual time series plots in Appendix 3).  Fourteen 
parameters (including eutrophic indicators) decreased until approximately 1993 and 
then increased from 1996 (displaying a U shape, Figure 2.14) and eleven parameters 
had no trend.  Comparison of annual means for total phosphorus, total nitrogen and 
chlorophyll a with Organisation for Economic Co-operation and Development 
guidelines (OECD 1982; Table 2.8) suggests Lagoon of Islands was oligotrophic 
tending to mesotrophic between 1994 and 1996 and eutrophic for the other years on 
record  (Table 2.10).  Other characteristics of the lake (for example, underwater light 
climate) were consistent with the trophic status classified according to OECD 
guidelines (Rast and Holland 1988, Ryding and Rast 1989).Table 2.7 Seasonal behaviour exhibited by parameters in the Lagoon of Islands 
water quality data set.  See text for definition of quasi-seasonal.
Seasonal pattern No pattern Quasi-seasonal
Silica Solar radiation Wind speed Phaeophytin Total iron
Secchi depth Conductivity Rainfall Turbidity Ammonia
Humidity Air temperature Chloride Filt. turbidity Hardness
Water level Filt. manganese Total nitrogen Sulphate Calcium
Outflows Water temperature Total phosphorus Sodium Nitrate
Inflows Dissolved oxygen Reactive P Magnesium pH
Colour Total manganese Chlorophyll a Filt. iron Bicarbonate 
PotassiumTable 2.8:  Indicative concentrations for trophic levels.  Taken from OECD 
(1982).  All concentrations in mg/L.
Nutrient 
Oligotrophic Mesotrophic Eutrophic
Mean Range Mean Range Mean Range
Total phosphorus 0.009 0.002-0.018 0.019 0.0056-0.0957 0.1026 0.008-.0750
Total nitrogen 0.661 0.307-1.630 0.753 0.361-1.387 1.875 0.3936.10053
2.5.8    Underwater light climate
The underwater light climate (as measured by turbidity and secchi depth) deteriorated 
following the construction of Ripple Canal in 1984.  It subsequently improved 
following the Staurastrum excavatum bloom but has since declined (Figure A3.9).
Scheffer (1998) suggests the contribution of algal biomass to the concentration of 
suspended solids can be estimated from the chlorophyll a concentration, assuming a 
dry-weight of algae to chlorophyll ratio of 70. Applying this rule of thumb to 
measured concentrations of suspended solids suggests detritus and inorganic solids 
are the primary source of suspended solids in the lake (Figure 2.15 and Appendix 1).  
The main sources of detritus in the lake are likely to be the algal population, the 
standing macrophyte crop and the decaying remains of the pre-dam ecosystem.  Table 2.9:  Long term trends for water quality parameters in Lagoon of Islands.  
‘Increase’ and ‘decrease’ are steady trends over time.
Increase Decrease U shape
Inflows Conductivity Total phosphorus Phaeophytin
Outflows Secchi depth Chlorophyll a pH
Filterable iron  Total nitrogen Hardness
Silica Total manganese Sodium
Nitrate Filt. total P Turbidity
Filt. manganese Total wind speed Ammonia
Total susp. solids Sulphate
No trend
Chloride Filterable turbidity Rainfall Dissolved oxygen
Humidity Air temperature Total iron Solar radiation
Temperature Bicarb. alkalinity Calcium54
Figure 2.14:  Time series plots for total Kjeldahl nitrogen, total phosphorus and ammo-
nia.  Dotted lines show the ‘U’ shape.55
Table 2.10:  Trophic status of Lagoon of Islands 1990 - 2005 according to OECD 
guidelines. 
Year Total phosphorus Total nitrogen Chlorophyll a
1990 mesotrophic eutrophic eutrophic
1991 mesotrophic eutrophic eutrophic
1992 meso/oligo eu/meso oligotrophic
1993 meso/oligo mesotrophic mesotrophic
1994 oligotrophic meso/oligo oligotrophic
1995 meso/oligo mesotrophic mesotrophic
1996 meso/oligo mesotrophic mesotrophic
1997 mesotrophic eutrophic meso/eu
1998 mesotrophic eutrophic eutrophic
1999 mesotrophic eutrophic eutrophic
2000 mesotrophic eutrophic eutrophic
2001 mesotrophic eutrophic eutrophic
2002 mesotrophic eutrophic eutrophic
2003 mesotrophic eutrophic no data
2004 mesotrophic eutrophic no data
2005 mesotrophic eutrophic eutrophicFilterable (essentially colloidal) turbidity contributes (on average) 19% of the 
turbidity in the lake and usually peaks in August, probably reflecting inputs of clay 
from the banks of Ripple Canal which are subject to significant frost heave erosion 
(Prosser et al. 2000).56
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2.5.9    Nutrients
The proportion of nitrogen which was filterable and the proportion of total 
phosphorus that was reactive increased during the oligotrophic period.  These nutrient 
species are usually more easily processed by biota (Moss 1980).  Hence, in an 
oligotrophic system they will be consumed rapidly once they are produced.  In a 
productive ecosystem their concentrations will usually be higher.
No nutrient data are available for Lagoon of Islands before it was dammed.  However, 
an analogous system has been identified nearby at Lagoon Plains Swamp, just north 
of Lake Sorell (Figure 1.1).  Nutrient data were obtained fortnightly by IFS between 
August 2000 and December 2001 from Mountain Creek, the outflow from Lagoon 
Plains Swamp.  The average concentrations of total nitrogen and total phosphorus 
over the sampling period were 0.119 mg/L and 0.006 mg/L respectively.  Total 
nitrogen and total phosphorus have been well above these concentrations in Lagoon 
of Islands most (100% and 98% respectively) of the time since monitoring began 
(Appendix 3), suggesting nutrient enrichment of the lake following construction of 
the dam.  
The ratio of total nitrogen:total phosphorus was much higher (>100, by mass) during 
the first period of eutrophication.  It has slowly been decreasing since then and is now 
approximately 30.  These values are much higher than the Redfield Ratio of N:P (7 by 
mass; Redfield 1958, Reynolds 1997), and suggest phytoplankton biomass in Lagoon 
of Islands is potentially limited by phosphorus.  US Environmental Protection Agency 
data showed that cyanobacteria are more frequently observed as blooms in lakes 
where TN:TP is less than 25-30 (Harris 1994).  This is probably because the 58
concentrations of nitrogen and phosphorus limiting the growth of tested cyanobacteria 
nad diatom species were in lower molecular ratio (7-15 N:P) than those of the 
chlorophytes tested (15-30 N:P; references cited in Reynolds 1997).  Therefore the 
growth of cyanobacteria and diatoms is favoured  as the phosphorus supply decreases. 
Assuming the same is true for Lagoon of Islands, it has been at risk of cyanobacterial 
blooms since July 2004.  The first recorded cyanobacterial bloom (Aphanothece sp.) 
in Lagoon of Islands persisted from January 2006 until the time of writing (April 
2007).  Previous blooms in the lake were of desmid species.
2.5.10    Sediment processes
Diffusion (following redox reactions in anoxic sediments or bacterial 
remineralisation) and wind-induced sediment resuspension are processes that can 
release total and filterable iron, manganese and phosphorus from the sediments to the 
water column.  Release by wind-induced sediment resuspension should also be 
accompanied by an increase in turbidity and suspended solids.
The water column in Lagoon of Islands is well-mixed, so it can be assumed that 
Lagoon of Islands is well oxygenated at the sediment-water interface, inhibiting the 
release of iron, manganese and phosphorus from sediments to the overlying water 
column by redox processes.  The annual maximum concentration of both total and 
filterable manganese occurred in summer or autumn (Appendix 3).  This follows the 
pattern observed for total iron, but not phosphorus, turbidity, suspended solids or 
wind speed (Table 2.7).  The pattern of total and filterable manganese and total iron 
concentrations suggests increased bacterial activity in the sediments in response to 59
warmer temperatures.  The concentration of phosphorus at any instant depends on 
rates of addition and removal.  Therefore, the absence of a similar pattern in 
phosphorus concentration may be because seasonality in diffusion rates is obscured 
by inputs from other sources (such as external inflows or wind-induced sediment 
resuspension) or consumption which may not be seasonal.
2.5.11    Phytoplankton community
Significant blooms were recorded in the lake in 1989 (desmid Staurastrum 
excavatum) and January 2006 until the time of writing (April 2007; cyanobacterium 
Aphanothece sp.).  
In total 41 phytoplankton taxa have been identified in Lagoon of Islands (Appendix 
2).  This is high for Tasmanian lakes (Prof P Tyler, Deakin University, pers. comm.), 
however this is not unexpected, due to the range of trophic conditions covered by the 
phytoplankton samples. The phytoplankton assemblage differed during the two 
eutrophic periods, being dominated by Chlorophyceae during the first eutrophic 
period (1989 -1992) and by Cyanophyceae during the current eutrophic period (1998 
onwards; Appendix 2).    Ordinations failed to reveal any patterns in species presence/
absence or in relative abundance, except for aff Oocystis sp, which was separated 
from all other species in a relative abundance ordination (Figure 2.16).   
No significant correlations were obtained for temperature and light with chlorophyll a 
for the period of record (1989-2005).  The relationship of these factors with 
chlorophyll a over the period of record may be obscured by changes to the relative 60
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influence of these factors on ecosystem processes during the different periods of 
activity identified in the time series data for chlorophyll a.  The dissolved oxygen data 
show the lake is usually close to saturation with dissolved oxygen, so oxygen should 
not be limiting for biota.
2.5.12    Zooplankton community
A total of 23 zooplankton taxa have been identified in Lagoon of Islands (Appendix 
2).  Most of the zooplankton studies on Tasmanian freshwaters have focussed on 
identifying which species are present in the different limnological provinces of 
Tasmania (Walsh et al. 1995, Walsh and Tyler 1998, Walsh and Tyler 2000, Walsh et 
al. 2001, Walsh et al. 2004).  Few studies have published the zooplankton species 
assemblage from freshwater bodies.  Hardie (2003) identified 40 taxa in each of Table 2.11:  Phytoplankton species and abbreviations for MDS.
Species name Abbreviation Species name Abbreviation
aff Chroococcus sp a Chroo Dinobryon cf cylindricum Dino
aff Oocystis sp a Ooc Gonatozygon brebisonii Gona
Anabaenopsis sp Anab Mougeotia acadiana Mou aca
Ankistrodesmus sp1 Ankis Mougeotia poinciana Mou poin
Aulacoseira granulata Aula Navicula cryptocephala Navic
Botryococcus braunii Botryo Oocystis sp Ooc
cf Gloeocapsa sp Gloeo Pediastrum duplex Pedia
cf Limnothrix sp Limno Perediniodes sp Pered
Chrysophyte cells Chryso Peridinium sp Perid
Closterium aff. aciculare Clost Pseudostaurosira brevistriata Pseudo
Cosmarium cf subcontractum Cosm 1 Rhopalodia gibba Rhopa
Cosmarium sp Cosm 2 Scenedesmus  sp1 Scene
Crucigenia rectangularis Cruci Sphaerocystis aff schroeteri Sphaero
Cymbella  hauckii Cymb Staurastrum excavatum Staura ex
Diatom sp1 D1 Staurastrum margaritaceum Staura marg
Diatom sp2 D2 Staurodesmus sp1 Stauro 1
Diatom  sp5 D3 Staurosirella pinnata Stauro 2
Dictyosphaerium tetrachotomum Dictyo62
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Lakes Sorell and Crescent, however this study also included wetlands adjacent to the 
lakes, which may have increased the number of taxa reported.  The taxa identified in 
Lagoon of Islands were principally composed of the cladocerans Daphnia carinata, 
Ceriodaphnia sp., Bosmina meridionalis, and Chydorus sp., and the calanoid 
copepods Boeckella triarticulata and Boeckella rubra.  
No temporal patterns were identified in species abundance or presence/absence data.  
The ordination of zooplankton abundance revealed species which generally co-exist 
in the lake (Figure 2.17; Table 2.12).  The greatest diversity in zooplankton species 
occurred when the lake was populated by cladocerans, which are generally grazers 
(Harris 1994).  Cladocerans dominated the zooplankton assemblage for most of the 
time for which samples have been analysed (Appendix 2).  Cladocerans, especially 
Daphnia sp., have been shown to play an important role in the food chain in shallow 
lakes elsewhere, through their ability to prey on phytoplankton (Olin et al. 2006, 
Meijer et al. 1999 and Phillips et al. 1999).  The dominance of cladocerans in Lagoon 
of Islands suggests they may play an important role in ecosystem processes in the 
lake.  Table 2.12:  Zooplankton groupings identified in MDS ordination (Figure 2.17).
Left group Middle group Right group
Calanoid nauplii Bosmina meridionalis Alona spp
Cyclopoid nauplii Boeckella triarticulata Eucyclops spp
Chydorus spp Simocephalus spp
Ceriodaphnia spp
Daphnia carinata64
2.5.13    Exploratory data analysis 
Parameters showing seasonal variability (for example, inflows, outflows, rainfall) 
tended to be strongly (r>0.50) correlated with each other, as were parameters 
describing the light climate (secchi depth, turbidity and filterable turbidity).  The 
concentrations of major ions were strongly correlated with conductivity.  No strong 
temporally lagged influences were identified between parameters for time differences 
up to 12 months.
Total phosphorus had significant relationships with both total Kjeldahl nitrogen 
(equation 3) and chlorophyll a (equation 4), accounting for 56% and 39% 
(respectively) of the variability in the logarithm of concentration for each parameter.  
This suggests that these three parameters are linked in Lagoon of Islands.
log10 TKN = 13.17 log10TP + 0.222                 R2 = 0.56  P<0.001      ............(3)
log10 chlorophyll a = 1.152 log10TP + 2.85       R2 = 0.39  P<0.001     ............(4)
2.5.13 (a)  Multiplicity of regressions
Logarithmic concentrations of chlorophyll a, turbidity, total phosphorus and total 
(Kjeldahl) nitrogen had different relationships during the periods of oligotrophy and 
eutrophy (ie, they displayed multiplicity of regressions;  Table 2.13).  The stronger 
relationship of chlorophyll a with total phosphorus during the oligotrophic period 
(than during the eutrophic periods) may indicate phosphorus limitation of 
phytoplankton abundance during this period, and suggests factors other than 
phosphorus restrict phytoplankton abundance when the lake is eutrophic.   These 65
results indicate different influences on the abundance of phytoplankton during the 
oligotrophic and eutrophic periods.  Chlorophyll a was significantly related to 
turbidity during both of the eutrophic periods, but was less significant during the 
oligotrophic period.  The significance  and strength of the relationship between 
turbidity and total phosphorus has increased with time, suggesting that more of the 
total phosphorus in Lagoon of Islands is associated with particulate matter now than 
at the start of the water quality monitoring program.  This may reflect increasing 
contributions from a joint source (for example, external inflows or wind-induced 
sediment resuspension).  This pattern is also seen in the relationship of total 
phosphorus with total Kjeldahl nitrogen and with total iron, indicating that the source 
of phosphorus associated with turbidity is probably also associated with total iron and 
total Kjeldahl nitrogen.  Table 2.13:  Relationship between selected parameters for each trophic period of 
Lagoon of Islands.  Significant relationships are italicised (P<0.05).  Strong 
relationships (R2>0.4) are in bold typeface.  L10 = log10 transformed.
First eutrophic period
Sept 1989 - June 1991
Oligotrophic period
July 1991 - March 1997
Second eutrophic period
March 1997 - June 2006
L10Chla=26.67(L10TP)+1.23
Adj R2 = 0.19   P<0.005
L10Chla=67.99(L10TP)-0.23
Adj R2 = 0.55   P<0.001
L10Chla=20.31(L10TP)+0.85
Adj R2 = 0.26   P<0.001
Turb=21.4(L10Chla)-15.47
Adj R2 = 0.43   P<0.05
L10Chla=0.32(L10Turb)+0.44
Adj R2 = 0.10   P<0.010
L10Chla=0.84(L10Turb)+0.30
Adj R2 = 0.35   P<0.001
L10TP=0.0001(Turb)+0.010
Adj R2 = 0.05   P<0.10
L10TP=0.004(L10Turb)+0.004
Adj R2 = 0.12   P<0.005
L10TP=0.02(L10Turb)-0.009
Adj R2 = 0.44   P<0.005
L10TP=0.01(L10TKN)+0.006
Adj R2 = 0.02   P<0.50
L10TP=0.03(L10TKN)-0.002
Adj R2 = 0.41   P<0.50
L10TP=0.06(L10TKN)-0.01
Adj R2 = 0.61   P<0.001
L10Chla=1.34(L10TKN)+0.95
Adj R2 = 0.07   P<0.10
L10Chla=2.79(L10TKN)-0.12
Adj R2 = 0.44   P<0.50
L10Chla=1.79(L10TKN)+0.37
Adj R2 = 0.34   P<0.010
L10TP=0.014(L10TFe)+0.08
Adj R2 = 0.10   P<0.05
L10TP=0.02(L10TFe)+0.002
Adj R2 = 0.30   P<0.02
L10TP=0.046(L10TFe)+0.005
Adj R2 = 0.51   P<0.00166
2.5.13 (b)  Hysteresis in forward and backward response to a 
change in a control parameter
Hysteresis occurs when the conditions required to change a system in one direction 
(for example, from oligotrophy to eutrophy) are different than those required to change 
the system back to the original state (for example, from eutrophy to oligotrophy; 
Carpenter 2003). The time series plots for TKN, TP, turbidity and chlorophyll a 
(Figure 2.14, Appendix 3)  show minimum concentrations in each eutrophic period 
that are lower than some of the concentrations obtained during the oligotrophic period.  
This suggests that hysteresis occurs for these parameters in Lagoon of Islands 
(Carpenter 2003, see also Chapter 3).
2.5.13 (c)  Principal Components Analysis
Five principal components accounted for 84% of the variation in the data following 
Varimax rotation (Table 2.14).  The parameters that are significant in each principal 
component are given in Table 2.15.
PC1 was dominated by parameters indicative of eutrophication (turbidity, chlorophyll 
a, total phosphorus and total iron), as well as wind speed and the SOI, suggesting 
climate may be important in the trophic state of the lake.  PC2 was dominated by Table 2.14:  Results from PCA after Varimax rotation.
Latent root Eigenvalue Variation (%)
PC1 4.834 25
PC2 3.392 14
PC3 2.714 23
PC4 1.316 14
PC5 1.146 867
nitrogen, indicating the behaviour of nitrogen is governed by different processes than 
those governing eutrophication.  PC3 essentially contains the thermal factors in the 
data set.  Ammonia falls into this component with an inverse relationship to solar 
radiation and temperature, suggesting ammonia concentrations are largely governed 
by processes related to temperature and solar radiation (for example, possibly 
senescence of the macrophyte crop in winter which could release ammonia).  Log10 
RN:RP also falls into this component.  RN is calculated as the sum of ammonia and 
nitrate (nitrite concentrations were below detection limits).  Hence this is probably Table 2.15:  Component loadings for each principal component identified in the 
PCA.  Significant parameters (loading>0.6) on each component are in bold.
Parameter PC1 PC2 PC3 PC4 PC5
Temperature 0.049 0.023 -0.933 0.010 0.168
Wind speed 0.596 0.000 -0.345 0.613 0.095
Log10 Conductivity 0.017 0.433 0.129 -0.820 0.062
Log10 Turbidity 0.784 -0.010 0.488 0.246 0.044
Log10 Chlorophyll a 0.641 0.211 0.000 -0.121 0.179
Log10 Phaeophytin 0.607 0.003 0.579 0.123 -0.099
Log10 Ammonia 0.397 0.220 0.791 -0.207 0.068
Log10 Total phosphorus 0.842 -0.113 0.121 -0.323 0.090
Log10 Reactive phosphorus -0.057 -0.015 0.129 0.004 -0.967
Log10 TN:TP 0.012 0.974 0.077 -0.188 0.025
Log10 RN:RP 0.434 0.210 0.655 -0.172 0.497
Log10 Total nitrogen 0.012 0.974 0.077 -0.188 0.025
Log10 Total iron 0.808 -0.122 0.063 0.016 0.042
Log10 Rainfall -0.088 -0.138 0.144 0.870 -0.025
Log10 SOI 0.694 0.133 -0.307 0.138 -0.101
Log10 Solar radiation 0.227 -0.052 -0.920 -0.064 0.04168
reflecting the influence of ammonia in the calculation of the ratio.  PC4 relates to the 
overall chemical composition of the water column (conductivity and rainfall). Wind 
speed is also significant in this component.  Rainfall can influence chemical 
composition (by dilution), while wind speed is positively related to evaporation, 
which increases conductivity.  The last component suggests that the amount of 
reactive phosphorus in the water column is not coupled strongly to total phosphorus 
or total nitrogen species dynamics, which could be significant for phytoplankton 
blooms.
2.5.13 (d)  BIO-ENV routine
The highest Spearman’s rank correlation (ρw) obtained between zooplankton 
abundances and environmental variables was ρw=0.410 (with log10 ammonia, log10 
phaeophytin, log10 total manganese and log10 average wind speed selected).  The 
same value was obtained for the best correlation between the presence/absence of 
zooplankton species, correlated with the same four variables.  The correlation  
(ρw>0.5) between the presence or absence of species and environmental variables 
using the BIO-ENV procedure was small (maximum ρw=0.204), as was the 
correlation between the relative abundance of phytoplankton species and 
environmental variables (maximum ρw=0.103).  The lack of correlation betwwen the 
biological variables and the environmental variables is probably because of the 
multiplicity of regressions (section 2.5.13 (a)).
2.5.13 (e)  RELATE procedure
The RELATE procedure identified a weak correlation between the relative 
abundances of phytoplankton species and the abundance of zooplankton (ρw=0.106, 69
P=0.05), and no correlation between the presence/absence of zooplankton and 
phytoplankton species (ρw=0.059, P=0.160).  This suggests that interaction between 
these trophic levels is not significant in Lagoon of  Islands, contradicting the results 
presented in section 2.5.12.  However, patterns in the data may be obscured by the 
inclusion of all phytoplankton and zooplankton taxa that were identified in the 
samples, which includes taxa that are not selective grazers (for example, copepoda), 
and crustacea that may be too small to selectively graze on the phytoplankton (for 
example, Bosmina); or by inclusion of data from periods when other factors may have 
been more important in determining species abundance or assemblage composition 
(for example, during phosphorus limitation of phytoplankton biomass).  
2.6  DISCUSSION
The hydrological regime of the lake has changed dramatically over the past 45 years, 
with significant changes in water level and the volume of water entering and leaving 
the lake.  The lake has had high turbidity over the majority of the last 16 years, 
reinforcing phytoplankton dominance.  This may be exacerbated by meteorological 
processes such as wind patterns and the El Niño Southern Oscillation. 
The major ion composition of Lagoon of Islands is dominated by Ca2+ and HCO3-, 
and is more akin to that of New Zealand freshwaters than to other Australian 
(including Tasmanian) water bodies (Vanhutte et al. 2006).  Its low total ionic 
concentration also makes it different to other lakes in its limnological province 
(Buckney and Tyler 1973) and throughout Australia.  It is relatively enriched in 
chloride over sulphate compared to WAFW.  The low ionic concentration means the 
system is poorly buffered.  The pH of the water column fluctuates with phytoplankton 70
biomass, which causes fluctuations in the carbon dioxide/carbonate equilibrium.  A 
seasonal pattern was observed in pH.
The high ratio of total nitrogen : total phosphorus (>7) suggests that total phosphorus 
is the nutrient most likely to limit phytoplankton biomass.  It is unlikely that diffusive 
release of total phosphorus is a major source of phosphorus to the water column, as 
sediment processes are most commonly seasonal (with increased bacterial activity 
over summer, indicated by patterns in iron and manganese time series data) and no 
seasonality was identified in total phosphorus concentrations in Lagoon of Islands.  
The PCA results indicate that meteorological processes (Southern Oscillation Index 
and wind) may be important in eutrophication of the lake.  Wind-induced entrainment 
of the sediments may be an important source of total phosphorus to the water column.  
Statistical analysis of existing data suggests eutrophication (PC1) and thermal 
influences (PC3) are the most dominant processes accounting for variability in the 
data (principal component loadings of 25% and 23% respectively).  Nitrogen species, 
chemical composition and reactive phosphorus appear to be less significant (principal 
component loadings of 14%, 14% and 8% respectively).
Some parameters displayed loosely seasonal behaviour, for example, increases in 
ammonia concentration may be related to senescence of the macrophyte community 
in the lake during winter.  The timing of senescence can vary between species, and is 
triggered by changes in climate.  Thus the timing varies inter-annually depending on 
prevailing local conditions (Scheffer 1998). 71
Seasonality was identified in iron and manganese concentrations, but not in total or 
reactive phosphorus concentrations.  The latter could reflect increased biological 
activity in the sediments in response to warmer temperatures. 
Inputs of phosphorus from biological activity in the sediments may be masked by the 
rapid uptake of phosphorus by biota, or by greater inputs of phosphorus from other 
sources. Processes which could be contributing phosphorus to the water column 
include wind resuspension of sediments, point source inputs from Ripple Canal, both 
of which could also cause a loosely seasonal pattern in total phosphorus 
concentrations (reflecting the periods when strongest winds and the first  flush of 
Ripple Canal occur).  A conceptual model for nutrient dynamics is developed in 
chapter 3. 
Lagoon of Islands has had periods of both eutrophy and oligotrophy since 1989.  
Statistical analysis suggests phytoplankton populations are not limited by light or 
temperature, as these parameters were not sigificant on PC1.  TN:TP ratios have been 
much greater than 7 (up to 100), indicating potential phosphorus limitation of 
phytoplankton biomass.  The concentrations of nitrogen and phosphorus at which the 
growth of cyanobacteria and diatom species was limited were in lower molecular ratio 
(7-15 N:P) than those of the chlorophytes tested (15-30 N:P; references cited in 
Reynolds 1997).  This is consistent with US EPA data which suggest that 
Cyanophyceae should dominate the phytoplankton assemblage at TN:TP ratios less 
than 25-30 (Harris 1994). The dominance of Cyanophyceae in the second (current) 
eutrophic period may be due to TN:TP ratios consistent with this.  Total phosphorus 
concentration and zooplankton species and abundance may also influence 
phytoplankton dynamics.  72
During the period of oligotrophy, the zooplankton assemblage was dominated by 
cladocerans, which are grazers.  Following this period, the assemblage was dominated 
by copepods.  The coincidence of low phytoplankton abundance with the dominance 
of cladocerans suggests that grazing pressure from zooplankton may provide a control 
of phytoplankton abundance.  These results are not supported by the RELATE 
analysis of the data.  The inconsistency between statistical analyses and other 
observations suggests that zooplankton grazing fails as a control of phytoplankton 
biomass under certain conditions (masking any relationship using the RELATE 
procedure).
Eight steady temporal trends (either increase or decrease) were identified from the 
time series analysis (Table 2.9).  Abrupt changes in concentration were observed for 
other parameters, including those used to assess eutrophication in a water body, and 
these displayed a characteristic ‘U’ shape when plotted against time (Figure 2.14).  
The timing of the change in concentration was not the same for all parameters 
(chapter 3).  Similar patterns in these eutrophic parameters have been identified 
elsewhere (Blindow et al. 1993; Scheffer 1993; Jeppesen et al. 2003; Scheffer and 
Carpenter 2003).  The pattern of abrupt changes identified in these parameters  has 
been attributed to the presence of alternative stable states (Harris 1994; Carpenter 
2003; Scheffer and Carpenter 2003).   Identifying alternative stable states in an 
ecosystem has important implications for understanding the ecosystem’s response to 
changes in forcing variables.  The theory of alternative stable states and its relevance 
to Lagoon of Islands is given further consideration in following chapters.
The statistical analysis of the water quality data set provided the basis for conceptual 
models for biogeochemical processes in the lake.  These models are tested in the 73
CHAPTER THREE
THEORETICAL FRAMEWORK
Statistical analysis of the long term data set suggested that phosphorus concentration, 
trophic interactions and meteorological processes could influence ecosystem 
behaviour in Lagoon of Islands, and suggested the lake could have alternative stable 
states (chapter 2).  This chapter examines the role of alternative stable states in 
shallow lakes and presents further evidence for the application of this theory to 
Lagoon of Islands.  The theoretical framework for the factors that could drive 
ecosystem behaviour is presented and then used to formulate the hypotheses 
investigated during the PhD study.  
3.1    Conceptual model of hydrological processes
Lagoon of Islands has one significant point-source inflow (Ripple Creek Canal) and a 
single outflow (Blackburn Creek).  It lies in a small basin of sedimentary rocks 
overlain by Jurassic dolerite.  It is the lowest point in the surrounding terrain (Figure 
3.1), and springs along the shoreline suggest it receives groundwater inputs.  The 
hydrological inputs and losses can be represented by a simple box model (Figure 3.2).
Ripple Canal is operated by Hydro Tasmania and can be configured to supply water 
to the Shannon River, Lagoon of Islands or Woods Lake (Figure 1.4).  Normal 
operation since Waddamana power station was decommissioned (in 1994) has Ripple 74
Canal supplying water to both Lagoon of Islands and Woods Lake.  Lagoon of Islands 
is usually filled first.  Ripple Canal is extremely important in the artificial 
maintenance of high water levels in Lagoon of Islands as it supplies most of the water 
to the lake.Figure 3.1:  Lagoon of Islands and surrounding terrain.  (Shading is from a Landsat 7 
image and shows the Staurastrum excavatum bloom in February 1988 from space.)Figure 3.2:  Conceptual model of hydrological inputs and losses from Lagoon of Islands.75
3.2    Conceptual model of phosphorus cycling processes
Lagoon of Islands has been both eutrophic and oligotrophic since 1988, reflected in 
the concentration of both phosphorus and chlorophyll a (chapter 2).  Understanding 
why the lake became oligotrophic in 1992 and 1994 and reverted back to eutrophy in 
1997 would give valuable insight into the processes governing the trophic state of 
Lagoon of Islands and management options to return the lake to an oligotrophic state.
Nutrient cycling pathways need to be identified and their relative contributions to 
water column nutrient concentrations understood, in order to manage nutrient cycling 
processes in Lagoon of Islands.  Phosphorus was identified as the nutrient most likely 
to limit phytoplankton growth and therefore prevent algal blooms (chapter 2), a 
desirable outcome for Hydro Tasmania and recreational users of the lake.  Thus, 
investigations into nutrient dynamics have focussed on the role of phosphorus.
Phosphorus can exist in many different forms in aquatic environments, and there are 
many ways in which a phosphorus atom can cycle through an ecosystem (Figure 3.3).  
Phosphorus can be stored in biota, dissolved in the water column and the pore-water 
of the sediments (either as inorganic or organic phosphorus), or attached to 
particulates (either as inorganic or as organic phosphorus; Figure 3.3).  Dissolved 
inorganic phosphorus is mainly present as phosphate ions (H2PO4-, HPO42-, PO43-, 
larger polyphosphates).  Dissolved organic phosphorus includes phosphorus in many 
chemical forms, including in humic compounds.  Particulate inorganic phosphorus 
contains phosphorus sorbed onto suspended particulate or colloidal material and that 
present in minerals (for example, apatite).  The organic particulate component 
includes phosphorus in dead, suspended biota or biotic remains.  Reviews of 76
Figure 3.3:  Schematic diagram showing phosphorus cycling pathways in an aquatic 
ecosystem.  Adapted from Reddy et al. (1999).phosphorus dynamics, including the role of sediments, macrophytes and fish, have 
been presented by Cullen (1993), Baldwin (1996), Petterson (1998), Reddy et al. 
(1999) and Vanni (2002).
3.2.1    Biotic release
3.2.1 (a)  Zooplankton and fish excretion
Vanni (2002) conducted a comprehensive review of the role of zooplankton and fish 
in nutrient cycling processes in aquatic ecosystems.  Zooplankton and fish are known 
to convert particulate nutrients into dissolved nutrients, and they excrete the dissolved 
form (Vanni 2002).  The importance of nutrient excretion by zooplankton in 
sustaining primary production in lakes is well documented (Vanni 2002).  Several 
recent studies show that fish can also play a significant role in nutrient cycling in an 
ecosystem.  Nutrient excretion rates from fish can exceed those from zooplankton, 77
and may be comparable to, or exceed, external nutrient inputs in lakes (Vanni 2002).  
It has been suggested that fish and zooplankton excretion influences the ratio of 
nitrogen: phosphorus in a lake, according to their own stoichiometric requirements, 
and therefore plays a role in the structure and composition of the phytoplankton 
community.  The relative roles of fish and zooplankton excretion will depend on the 
structure of the food web.  Zooplankton contributed 26% of phytoplankton 
phosphorus demand in a lake dominated by piscivorous fish (Schindler et al. 1993; 
cited in Vanni 2002).  Nutrient excretion by fish supported 36% of phytoplankton 
phosphorus demand in a lake with a suppressed zooplankton population,  (Schindler 
et al. 1993; cited in Vanni 2002).  The relative importance of nutrient excretion by 
fish and zooplankton will depend on many factors in the ecosystem, including fish 
biomass, the availability of non-planktonic prey for fish, and herbivore size structure 
and biomass (Vanni 2002).  
3.2.1 (b)  Macrophytes as nutrient ‘pumps’
Macrophytes have been postulated to provide a significant source of nutrients to the 
water column by consuming nutrients from the sediments and excreting them to the 
water column via foliar release following translocation within the macrophyte (Perez-
Llomens et al. 1993 and references cited within). This represents another possible 
mechanism for internal loading in the lake.  Phosphorus release by living shoots of 
macrophytes contributes at most a minor flux of nutrients into the water column 
(Carpenter and Lodge 1986).  .78
3.2.2    Decay of organic matter
3.2.2 (a)  Senescing macrophyte crop
Macrophytes are known to play an important role in phosphorus cycling in aquatic 
ecosystems (Reddy et al. 1999).  In shallow lakes, the macrophytes are usually rooted 
in the sediments, and are able to uptake nutrients from both sediments and the water 
column.  It is generally accepted that rooted macrophytes are able to meet the 
majority of their phosphorus requirements from soil pore water phosphorus (Reddy et 
al. 1999).  They translocate nutrients (as required) to the above-ground portion of the 
macrophyte.  Maximum uptake of nutrients by macrophytes is thought to occur in the 
lead-up to, or during, the growing season (Reddy et al. 1999).  Prior to senescence (in 
autumn and winter) the majority of the important ions are translocated from the 
shoots to the roots and rhizomes, to be used during early spring growth the following 
year (Reddy et al. 1999).  This allows macrophytes to store nutrients from one 
growing season to the next.  The above-ground biomass of the plant can return 
leached phosphorus (that has not been translocated to the roots and rhizomes) to the 
water column after death and decomposition and deposits refractory residuals on the 
soil/sediment surface (Reddy et al. 1999).  Thus, the net effect of macrophytes on 
phosphorus retention is complex and depends on many factors, including the type of 
vegetation, the root:shoot ratio, turnover rates of detrital tissues and physico-chemical 
properties of the water column (Reddy et al. 1999).  
The macrophytes identified in Lagoon of Islands senesce annually, in autumn and 
winter.  Statistical analysis of existing data (chapter 2) identified an annual pulse of 
ammonia to the water column, suggesting input from macrophyte senescence; no 
seasonality was identified for any phosphorus species in the data set.  79
3.2.2 (b)  Remains of the pre-dam ecosystem
The lake contains the remains of the pre-dam ecosystem.  Underlying the reed mat in 
the old ecosystem was a layer of peaty water (Tyler 1976), which was assumed to be 
nutrient-rich and brought into contact with the water column following the break-up 
of the reed mat (Sanger 1991).  Below this, peaty water gradually solidified to an 
equal depth of banded peat, alternating with bands of grey lake mud, before 
terminating in gravels (Tyler 1976).  The reed mat is known to be decomposing 
(Figure 3.4).  Studies conducted by Hydro Tasmania and Inland Fisheries Service (led 
by Dr Andrew Sanger) in 1990-1991 showed that it was possible for the reed mat/
sediment layer to be a significant source of nutrients to the water column, but benthic 
chamber experiments showed no evidence of phosphorus being released during low 
dissolved oxygen conditions (Sanger 1991). Figure 3.4:  Decomposing reed mat washed on the banks of Lagoon of Islands, circa 
1980s.  Image © Peter Tyler.80
3.2.2 (c)  Phytoplankton
The most important form of phosphorus for phytoplankton growth is inorganic 
phosphate (Wetzel 2001).  During the active growth of phytoplankton, inorganic 
phosphate and organic esters are released to the water column.  These are rapidly 
recycled (Wetzel 2001).  During summer a major part of the total phosphorus in the 
water column is often contained in algae (Scheffer 1998).
Dead algal cells fall to the sediments as detritus.  The amount of detritus from dead 
phytoplankton increases during summer due to large amounts of settling algae 
(Scheffer 1998).  During cell decomposition, most of the phosphorus released is 
organic and is degraded by bacteria (Wetzel 2001).
3.2.3    Benthic release
Internal phosphorus loads from sediments can equal or exceed the external input from 
the watershed (Boers et al. 1998), and can significantly delay the recovery of a lake 
following reduction of external loads (Welch and Cooke 1995).  Phosphorus can 
leave the sediment in either dissolved (mainly as inorganic phosphates) or particulate 
forms.  Dissolved phosphorus must be released into pore water by physical, chemical 
or biological processes (for example, bioturbation; Phillips et al. 1994) and then 
transported to the lake water by diffusion or sediment resuspension (Petterson 1998).  
Many studies have shown that sediment bacteria play a large role in the uptake, 
storage and release of phosphorus from sediments (Phillips et al. 1994, Petterson 
1998).  Chemical processes which can cause the release of phosphorus include redox 
processes (such as the reduction of Fe(III) to Fe(II), which releases phosphate 
adsorbed on oxyhydroxides) and ligand exchange (for example, replacement of 81
phosphate with hydroxide at high pH; Petterson 1998).  Particulate forms of 
phosphorus can leave the sediments by wind-induced sediment entrainment (known 
as wind resuspension), and can be a significant source of nutrients in shallow lakes 
(for example Hamilton and Mitchell 1996, Nagrid et al. 2001, Håkanson 2004).
3.2.3 (a)  Diffusion
Release of phosphorus to the water column by diffusion relies on a concentration 
gradient between the sediment pore water and the overlying lake water (Petterson 
1998; Clavero et al. 1999).  Bioturbation can enhance the release of dissolved 
phosphate, for example through the movement of benthic fish or through the action of 
benthic organisms which actively ventilate their burrows by flushing with overlying 
water.  Diffusive release of phosphate is expected in anoxic sediments where redox 
processes can create a high concentration of phosphate in the sediments (Wetzel 
2001), but is also known to occur in oxic sediments (Jensen and Andersen 1992).
3.2.3 (b)  Wind resuspension
Wind-induced entrainment of sediments has been shown to be a common mechanism 
by which particulate and dissolved (porewater) phosphorus from sediments enters the 
water column (Petterson 1998).  Wind resuspension is known to be a significant 
source of nutrients in shallow lakes in Tasmania and elsewhere (for example, Carper 
and Bachmann 1984; Søndergaard et al. 1992; Hamilton and Mitchell 1997; Meijer et 
al. 1999; Uytendaal 2003) and could be significant in Lagoon of Islands.82
3.2.4    External loads
3.2.4 (a)  Ripple Canal
Water quality decline in Lagoon of Islands was noticed about 5 years after 
construction of Ripple Creek Canal.  The banks of Ripple Canal, especially the final 
section into Lagoon of Islands, are red clays (Figure 3.5) and are prone to significant 
frost-heave erosion (Prosser et al. 2000).  Broadacre grazing occurs in the catchment, 
and historical application of phosphorus fertilisers is known.  Rust-coloured clays are 
rich in iron hydroxide (Selinger 1998) which is known to bind readily with phosphate 
(Wetzel 2001).  Ripple Canal has previously been identified as a significant source of 
nutrients to the lake (Nazarov and Sanger 1992) and could contribute a significant 
mass of total phosphorus to the lake annually.Figure 3.5:  Banks of Ripple Canal, showing loose material on the banks from frost-
heave processes.83
3.2.4 (b)  Natural catchment inputs
Broadacre grazing and private forestry occur in the small natural catchment of 
Lagoon of Islands.  Few nutrient data are available for natural inflows to the lake, due 
to the difficulty of sampling ephemeral streams which drain the catchment (as stream 
flow responds quickly to rainfall and is generally short-lived).  It is possible that land 
use practices in the natural catchment are contributing phosphorus to Lagoon of 
Islands (Dr Sanger, IFS, 1992, written communication to S Krohn, Hydro Tasmania).
3.2.4 (c)  Groundwater inputs
Small swamps and seeps around the edge of Lagoon of Islands suggests it receives 
groundwater from the surrounding dolerite hills.  There is no information on the 
source or significance of groundwater nutrient inputs.  
3.3    Other drivers of ecosystem behaviour
3.3.1    Trophic interactions
Trophic interactions are known to be important for controlling phytoplankton 
abundance in some water bodies (Meijer et al. 1999).  In Lagoon of Islands, the 
dominance of cladocerans among the zooplankton assemblage during the oligotrophic 
period (chapter 2) may be evidence of such “top-down” control.
The native spotted galaxias (Galadias truttaceus) and the introduced fish species 
tench (Tinca tinca), redfin (Perca fluviatilis), rainbow trout (Oncorhynchus mykiss) 
and brown trout (Salmo trutta) have been recorded in Lagoon of Islands.  The lake is 84
also used as a small commercial eel fishery (Anguilla australis) by one fisherman (P. 
Boxall, IFS, pers comm.).  Redfin are thought to be the most abundant fish species in 
the lake.
The reproductive cycles of the fish species ensures that juvenile fish are present in the 
lake all year.  Spawning times for tench are not known for Lagoon of Islands, but in 
the Jordan River (near Hobart) they spawn in late spring and early summer (when the 
water temperature is above 16°C; Read and Krasnicki 2003).  Brown trout spawn in 
Lagoon of Islands in autumn, and the lake is closed to fishing over this period each 
year.  Rainbow trout spawn in spring (early September – late October).  Redfin are 
thought to spawn in Lagoon of Islands in December (R. Freeman, IFS, pers comm.), 
but have been reported spawning earlier (in spring) in the Jordan catchment (Read and 
Krasnicki 2003).
Macrophytes can provide refuges for zooplankton from fish predation (Perrow et al. 
1999).  The foraging success of the zooplankton is mediated by the structural 
complexity of the macrophyte’s morphometry and the density of planktivorous fish 
(Perrow et al. 1999; Warfe and Barmuta 2004).  
3.3.2    Meteorological influences
Principal components analysis revealed that a group of parameters (identified as 
thermal influences; PC3) accounted for 23% of the variability in the existing data set 
(chapter 2).  Both solar radiation and the Southern Oscillation Index were on the same 
principal component as physico-chemical variables which indicate eutrophication 85
(PC1).   These results indicate that meteorological mechanisms may influence the 
trophic status of the lake.
The Southern Oscillation Index displays quasi-periodicity ranging between 2 and 10 
years (Sturman and Tapper 2006).  The influence of the Southern Oscillation Index on 
mainland Australia is well-documented, affecting temperature, rainfall patterns, 
cyclones and the Australian monsoon (Jones and Trewin 2000; Sturman and Tapper 
2006).  Similar atmospheric oscillations have been shown to affect ecological 
processes in lakes in Europe (Weyhenmeyer et al. 1999; Gerten and Adrian 2001; 
Stenseth et al. 2002) and in rivers in New Zealand (Scarsbrook et al. 2003).  The 
strong correlation of the Southern Oscillation Index with PC1 suggests the El Niño 
Southern Oscillation could similarly influence ecosystem processes in Lagoon of 
Islands.
PC1 also suggests solar radiation may influence productivity in Lagoon of Islands.  
The solar radiation hitting the lake surface increases 20-fold in summer (compared 
with winter, chapter 2).  The lower energy available during winter could limit growth 
of phytoplankton.  Solar radiation could also influence productivity indirectly through 
its effect on water temperature.  Growth rates of phytoplankton are known to be 
affected by temperature (Jensen and Andersen 1992).  Cold winters are likely to 
inhibit phytoplankton productivity.
Zonal westerly winds (ZWW) are significant in Tasmania’s climate and are 
associated with gales and cold, wet weather (Harris 1988).  Wind resuspension is 
known to be an important mechanism for internal loading in many shallow lakes 
(Carper and Bachmann 1984; Søndergaard et al. 1992; Bloesch 1994; Bloesch 1995; 86
Hamilton and Mitchell 1997; Douglas and Rippey 2000; Schallenberg and Burns 
2004) including other lakes on the central plateau (Uytendaal 2003). Its importance as 
a forcing mechanism in Lagoon of Islands is suggested by the allocation of wind 
speed to PC1 (chapter 2).
3.4    Alternative state theory
Managers of a water body need to know the nature of an ecosystem’s response to 
changes in a forcing variable, as different responses carry very different management 
implications (Moss 2007).  Ecosystems can respond to changes in forcing variables in 
one of four ways: no response;  linear responses, where a change in the forcing 
variable produces a directly proportional change in the response variable; sigmoidal 
responses, where little change is observed in the response variable either side of an 
abrupt response about a critical threshold in the forcing variable; and hysteretic 
responses, where the ecosystem can have multiple responses to the same conditions in 
the forcing variable, ie it can have alternative stable states (Scheffer et al. 2001a).  
Statistical analysis showed abrupt changes in the water quality of the lake, revealed as 
a ‘U’ shape in the time series plots of 14 parameters (Table 2.8).  This behaviour is 
consistent with lakes subject to alternative stable states (Harris 1994; Scheffer and 
Carpenter 2003).  Alternative stable state theory can explain dramatic changes in the 
characteristics of an ecosystem in response to a small change in a forcing variable 
(Scheffer et al. 2001a) and describes phenomena often observed in shallow lakes (for 
example, Blindow et al. 1993; Scheffer et al. 1993; Hosper 1998; Jeppesen et al. 
1999).87
Figure 3.6:  Stability landscape for alternative stable states.  The minima (valleys) 
represent alternative states.  The hills represent unstable states.  The bottom graph 
shows the equilibrium curve.  Image from Scheffer and Carpenter (2003).Alternative state theory is conceptually described by a stability landscape diagram 
(Figure 3.6). Each local minimum (or “valley”) represents an alternative state, within 
which the ecosystem is quite stable.  The depth of the valley provides an indication of 
the resilience of the state, ie, the capacity of the ecosystem to absorb disturbance and 
reorganize while undergoing change so as to retain essentially the same function, 
structure, identity and feedbacks (Folke et al. 2004).  To move the ecosystem from 
one state to the next a large perturbation is required to produce a response greater than 
the capacity of the ecosystem to absorb the change, ie greater than the magnitude of 
the hill between the two valleys (Figure 3.6; Scheffer et al. 2001a).  This moves the 
ecosystem into the second valley (an alternative state).  In shallow lakes, multiple 
states can exist, and four alternative states have been hypothesised (Scheffer 1998; 
Scheffer et al. 2003b).  The state(s) a given ecosystem will have is influenced by its 
climate, nutrients, depth and size (Scheffer and van Nes, 2007).  The stability of each 
state is reinforced by feedback mechanisms.88
The macrophyte-dominated state is characterized by attributes valued for recreational 
and visual amenity:  clear water, low nutrient concentrations, low phytoplankton 
population and high macrophyte biomass (Figure 3.7).  Low nutrient concentrations 
restrict the phytoplankton population, thus reducing turbidity.  Lower turbidities 
mean the photic depth of the lake increases, encouraging the growth of macrophytes. 
Macrophytes reduce the effect of wind resuspension of sediments further reducing 
turbidity and nutrient release from the sediments.  They also provide refuge from fish 
predation for zooplankton, thus the grazing pressure on the phytoplankton population 
increases, helping to maintain a clear water column (Moss, 1990; Lauridsen et al. 
2003).  Some macrophytes excrete allelopathic substances, suppressing 
phytoplankton growth, further maintaining clear water.  This is the state usually 
preferred by water managers.Figure 3.7:  Conceptual model for multiple states of water clarity in shallow lakes. (a) 
Feedbacks associated with the turbid state, and (b) feedbacks associated with the clear-
water state. Processes that can move the system from one state to the other are shown 
between (a) and (b).  Image from Dent et al. (2002).89
The remaining states are characterized by attributes common to eutrophic water 
bodies: high turbidity, high populations of phytoplankton, low light penetration 
through the water column, high nutrient concentrations and macrophyte populations 
either absent or dominated by canopy-forming species such as Potamogeton (Scheffer 
1998).  Two of the states are dominated by phytoplankton:  a lower nutrient state, 
dominated by green and other algae; and a higher nutrient state, dominated by 
cyanobacteria.  The fourth state is dominated by floating plants (Scheffer et al. 2003).
Feedback mechanisms which maintain the eutrophic states include: high fish 
predation on zooplankton causing low grazing pressure on phytoplankton; high 
phytoplankton biomass increasing the turbidity, reducing light penetration for 
macrophyte growth; lower macrophyte biomass increasing the influence of wind 
resuspension, further increasing turbidity, nutrient inputs from sediments and 
inhibiting macrophyte colonization; and reduced macrophyte cover decreasing 
predation refugia for zooplankton, further decreasing grazing pressure on 
phytoplankton (Figure 3.7).Figure 3.8:  Conceptual diagram of the algal state in shallow lakes.90
Additonal feedback mechanisms operate in each of the two phytoplankton states 
(Scheffer 1998).  Cyanobacteria can migrate through the water column by regulating 
their buoyancy, through the generation (from photosynthesis) and subsequent loss (by 
respiration) of carbohydrates.  The extra weight of the carbohydrates makes them sink 
through the water column, but as the carbohydrates are consumed they become 
buoyant again. Other algae are reliant on water turbulence to keep them in contact 
with the photic zone (Figure 3.8; Scheffer 1998).  Hence, in lakes with a very shallow 
photic depth, the cyanobacteria will be concentrated near the surface.  They shade the 
phytoplankton below them in the water column in much the same way that 
phytoplankton shade the submerged macrophytes.  Cyanobacteria generally have 
lower growth rates than other phytoplankton species, so when light isn’t limiting 
cyanobacteria may be out-competed by algae.  Some cyanobacteria are able to fix 
atmospheric nitrogen, giving them a competitive advantage over other phytoplankton 
species during periods of nitrogen limitation (Scheffer 1998).  
Some lakes may only exhibit two states.  If the resilience of the cyanobacterial state 
extends beyond the algal state, the algal state may not become established.  Hence Figure 3.9:  Representation of (a) the algal-dominated state and (b) the cyanobacterial-
doinated state of an ecosystem.  The floating plant regime is not sufficiently understood 
to represent in this diagram as it is not known where it fits in relation to the algal and 
cyanobacterial regimes (Scheffer et al. 2003).  The grey lines dropping between regimes 
indicate nutrient concentrations over which a range of regimes are possible. Modified 
from (Scheffer 1998).91
when a change in state occurs, the ecosystem may go straight from the oligotrophic 
clear water state to the cyanobacterial state (Figure 3.9 (b)).  For an ecosystem 
residing in the cyanobacterial state, a decrease in turbidity and total phosphorus will 
move the ‘ball’ along the top line to the left (Figure 3.9) until the resilience of the state 
is overcome.  The ecosystem (the ‘ball’) will then move to the next line (below) and 
continue moving to the left as turbidity and total phosphorus continue to decrease.  If, 
for a particular ecosystem, the cyanobacterial state has resilience such that it can exist 
for the same combinations of turbidity and total phosphorus as the algal state (Figure 
3.9 (a)), the ecosystem is able to jump directly from the macrophyte regime to the 
cyanobacterial state (and vice versa).
The floating plant dominated state (Figure 3.10) is slightly different to the other two 
eutrophic regimes.  Instead of being dominated by phytoplankton, it is dominated by 
floating-leaved macrophytes, such as Eichhornia crassipes, Pissia startiotes and 
Salinia molesta in tropical waters and duckweeds (Lemnaceae) and floating water 
ferns (Azollaceae) in temperate regions (Scheffer et al. 2003).  The floating plants 
out-compete submerged macrophytes and phytoplankton for light.  A dense cover of Figure 3.10:  Conceptual diagram showing the floating plant state in shallow lakes.92
floating plants can induce anoxia in the water column, hastening the decline of the 
submerged macrophyte population.  The floating plants are not rooted in the 
sediments, and so require high concentrations of nutrients in the water column 
(Scheffer et al. 2003).
There is no conclusive test for identifying the existence of alternative stable states in 
an ecosystem (Schroeder et al. 2005).  Hence the researcher must rely on gathering 
multiple lines of evidence to determine whether alternative stable states exist for a 
particular water body. Scheffer and Carpenter (2003) documented possible lines of 
evidence.  Those that can be assessed for Lagoon of Islands are:
*    Jumps in the magnitude of variables in time series data (Figure 3.11 (a))Figure 3.11:   Indicators of alternative stable states in time series data.  (a) Jumps in 
time series data.  (b) A multimodal distribution.  (c) Data displaying multiplicity in 
regressions. Images from Scheffer and Carpenter (2003).93
*    Multimodality of the frequency distribution of variable values (Figure 
3.11 (b))
*    Dual relationship between control factors (Figure 3.11 (c))
*    Hysteresis in the forward and backward response of variables to changes 
in control parameters.
Taken individually the presence of some of these lines of evidence is not conclusive 
evidence of the existence of alternative states in an ecosystem.  Support from multiple 
lines of evidence suggests that alternative states are the most likely explanation of 
ecosystem processes for the system studied.  The resilience of each state is the 
magnitude of the perturbation required to push the ecosystem over the ‘hill’ into 
another state.  An estimate of the resilience of each state can be obtained from the 
noise contained in the time series data (Figure 3.12). Figure 3.12:  Interpretation of resilience of alternative states (regimes) from time series 
data.  Taken from Carpenter (2003). 94
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Figure 3.14:  Possible multimodal distributions in the data set for Lagoon of Islands.  
Arrows indicate the approximate intersection of the bimodal distributions.96
Table 3.1:  Evidence for alternative stability regimes in Lagoon of Islands. 
 Key:  identified in historical data set    not identified in historical data set 
  historical data set inconclusive.
Parameter
Jump in 
time series Multimodality
Multiplicity in 
regressions Hysteresis
Chlorophyll a
Total phosphorus
Soluble reactive 
phosphorus
Total Kjeldahl nitrogen
Turbidity
Nitrate  
Suspended solids
Ammonia
Total manganese
Hardness
pH
Sodium
Sulphate
Phaeophytin
Secchi depthTime series plots also reveal evidence of hysteresis (Carpenter 2003).    There are 
three large perturbations in Figure 3.12.  The ecosystem returns to the first rgime after 
the first perturbation.  The second perturbation is large enough to cause a shift to an 
alternative regime.  The third big perturbation does not cause a shift back to the first 
regime, even though it rises above the trough of the first big perturbatoin.  Evidently 
the threshold for regime shift is different for the two regimes.  This phenomenon is 
called hysteresis (Carpenter 2003).
The characteristic jump in time series for alternative stable states (Figure 3.11 (a)) 
was observed for fourteen parameters in the existing data set (Table 2.8), although the 
timing and duration of the jump differs for each parameter (Figure 3.13).  Four 
parameters (chlorophyll a, soluble reactive phosphorus, turbidity and nitrate) had 97
multimodal distributions, with total phosphorus and total Kjeldahl nitrogen possibly 
multimodal (Appendix 2; Figure 3.14).  Four parameters (chlorophyll a, total 
phosphorus, total Kjeldahl nitrogen and turbidity) had multiplicity in regressions 
(which differed between the oligotrophic and eutrophic periods), and chlorophyll a, 
TKN, total phosphorus and turbidity displayed evidence of hysteresis (chapter 2).  
The evidence for alternative states in Lagoon of Islands is summarised in Table 3.1, 
and suggests alternative state theory is a valid framework in which to consider 
ecosystem responses to changes in the drivers of the lake’s behaviour.
3.5    Hypotheses of drivers
The following hypotheses have been developed to explain the processes determining  
ecosystem behaviour:
1.  Phosphorus concentration is a significant factor driving the behaviour of the 
ecosystem.  Phosphorus sources could be internal or external.
(a)     Internal loading is playing a significant role in maintaining Lagoon of 
Islands in its current eutrophic state.  Possible sources of internal 
loading include:
(i)     Biotic release
(ii)     Decay of organic matter
(iii)     Benthic release
(b)     External loads are playing a significant role in maintaining Lagoon of 
Islands in its current eutrophic state.  Possible sources of external loads 
include:
(i)     Inputs from Ripple Canal98
(ii)     Natural catchment inputs
(iii)     Groundwater inputs
2     Other drivers are governing the behaviour of the ecosystem:
(a)     Trophic interactions
(b)     Meteorological factors.  Possible factors include:
(i)     Southern Oscillation Index.
(ii)     Solar radiation
(iii)     Wind
Each of these hypotheses is investigated in the remainder of this thesis: 
          *  Chapter five of this dissertation quantifies the major sources of phosphorus to 
the water column and explores their impact on the ecosystem.
          *   Other possible drivers of ecosystem behaviour are investigated for their 
effect on ecosystem behaviour, especially phytoplankton dynamics, in chapter six.
          *   The conceptual models of ecosystem behaviour presented in this chapter are 
reviewed and management options for the rehabilitation of Lagoon of Islands are 
presented in chapter seven.99
 CHAPTER FOUR
GEOMORPHOLOGY AND HYDROLOGY
4.1      INTRODUCTION
A lake’s geomorphology affects physical, chemical and biological processes, and so 
is reflected in its ecological behaviour.  Geormorphology plays a major role in lake 
metabolism, affecting drainage into and from a lake, mineral and nutrient inputs and 
hydrological and nutrient residence times (Wetzel 1983).
Morphometry determines lake stratification patterns, which govern the distribution of 
dissolved gases, nutrients and organisms.  The shape of a lake basin will influence its 
productivity.  Shallow lake basins (which have a relatively higher volume of the water 
column in contact with the sediments) tend to be more productive than their deeper 
(U- or V-shaped) counterparts (Wetzel 1983).
Water level fluctuations can play an important role in the ecology of shallow lakes, 
and can provide a useful tool in lake restoration and management (Coops et al. 2003).  
Macrophyte survival and fecundity are affected by lake hydrology.  They can be 
affected by water column depth and by the duration and frequency of draw-down or 
inundation.  Careful management of the hydrological regime can promote growth of 
some species over others.  For example, Baumea arthrophylla (Baumea) is known to 
prefer shallower water and greater frequency of water level fluctuations than 100
Triglochin procerum (Rea 1992; Rea and Ganf 1994a; Rea and Ganf 1994b).  
Hydrological management of Lagoon of Islands was altered in response to the 
Staurastrum excavatum bloom (1989-1992) in the hope of promoting the growth of 
T. procerum. It was initially believed to be successful in switching the lake back to a 
clear-water state (Nazarov and Sanger 1992; Sanger 1994).
Lake hydrology is intimately linked to nutrient dynamics, as inflows can supply 
nutrients from external sources and outflows export nutrients from the lake, 
governing the residence times of nutrients within the lake.  Modelling results show 
that systems with long nutrient residence times tend to be dominated by 
phytoplankton, but systems with short residence times tend to be dominated by 
macrophytes (Harris 2001b).  Nutrient retention is a function of water residence time 
and nutrient load (Harris 2001b).  Understanding the hydrology of Lagoon of Islands 
is critical to understanding nutrient cycling processes in the lake.  
A single box model was used to estimate hydrological inputs and losses (Figure 3.2).  
Ripple Canal is the largest surface water source for Lagoon of Islands, draining 53.7 
km2 of the natural catchments of Ripple Creek, Noels Creek and Jacks Creek.  The 
largest surface water input in the natural catchment of Lagoon of Islands is Marys 
Creek, on the southern shore of the lake.  Blackburn Creek is the only significant 
surface outflow (Figure 1.5).  It is not known whether groundwater is significant in 
the hydrology of Lagoon of Islands, however the geology suggests it may be as 
Lagoon of Islands lies close to the contact between dolerite and underlying 
conglomerate and sandstones (chapter 1).  Springs are found along the northern lake 
shore, suggesting groundwater movement along the contact.101
4.2      AIMS
This chapter presents the basic limnological characteristics of Lagoon of Islands and 
characterises the hydrology of the lake to enable the identification and investigation 
of ecosystem drivers in the following chapters.  
4.3      METHODS
4.3.1   Morphological survey
The bathymetry of Lagoon of Islands was determined from transects (average transect 
distance = 3000 m, average distance between measurements along transect = 170 m) 
obtained using a low range X91 echo sounder with GPS which was calibrated against 
a sounding line.  Water shallower than 0.5 m could not be surveyed by this method 
and was instead surveyed using the sounding line.  Patches of the sediments are 
covered by the remains of the reed mat from the old ecosystem.  Hence the 
bathymetry has been calculated from an ‘effective bottom’ for Lagoon of Islands.  
This is the depth at which the echo sounder detected a significant change in the 
intensity of the return signal or at which the weight on the sounding line first met 
resistance from the sediments or reed mat.  The perimeter at the maximum operating 
water level (759.40 m) was obtained by walking along the edge of the lake and 
tracking the path with a GPS.102
Data points were converted to a grid (by kriging) and interpolated to form contours 
using Arc View 9.0 (ESRI software).  Total volume and surface area of Lagoon of 
Islands, and the volume and area of each contour, were calculated using Arc View 
9.0.  Hypsographic and depth-volume curves were calculated from these data using 
the methods described in Wetzel (2001).  Calculations were performed in Systat 11 
(Systat Software Inc.) using Gauss-Newton non- linear modelling with least squares 
estimation.  Depth profiles were modelled against the cumulative volume and 
cumulative area of the lake, both as a percentage of the total and as the actual value 
(in ML and m2 respectively).  To accurately model these profiles the data were split 
into two (at depth=1.5 m) and modelled separately to allow for the discontinuity in 
profile at 1.5 m.  The model fit was assessed using mean squares.
4.3.2   Hydrology
4.3.2 (a)    Water balance model
A simple box model was constructed to model water balance (Figure 4.1).  The water 
balance model was constructed in Stella v9.0 (Trial version, ISEE systems) as a 
simple input-output box model (Equation 1, Figure 4.1).  
Volume (t) = Volume(t-1)  + inflows(t)  – outflows(t)           …... (1)
where (t) refers to a point in time (month), (t-1) is the preceding month and volume is 
lake volume.103
The input parameters for the model were real data measured by Hydro Tasmania 
(rainfall, evaporation, inflows from Ripple Canal and outflows to Blackburn Creek) 
and were inputted using actual values of the parameters (as graphical functions).    
Monthly averages calculated for the modelling period were used for missing values.  
The model was verified against lake volumes calculated according to the 
depth:volume relationship identified in the morphological survey.  Groundwater was 
excluded as the model balanced satisfactorily (section 4.4.2 (a)).
Monthly inflow and outflow data were obtained from Hydro Tasmania.  Monthly 
rainfall was obtained from data collected by an automatic weather station, installed on 
the southern shore by Hydro Tasmania in 1993.  Daily evaporation was calculated 
according to Linacre’s (2004) modification of Penman’s (1948) equation (equation 2) 
using daily relative humidity, temperature and solar radiation data measured by the 
weather station. Figure 4.1: Hydrological (water-balance) model for Lagoon of Islands.  RC = Ripple 
Canal.   104
E0 = (0.015 +0.00042T + 10-6 h) [0.8Rs - 40 + 2.5Fu(T-Td)].       ........Equation 2
where: 
E0 = lake evaporation (mm/day)
T = temperature (degrees C)
h = elevation above sea level (m)
Rs = solar radiation at lake surface (W/m2)
F = (1.0 - 8.7x10-5h)
u = wind speed (m/s)
Td = dew point temperature (degrees C)
 The surface area/depth relationship identified from the morphological survey (section 
4.4.1) was used to determine the effect of rainfall and evaporation on lake volume.  
The model balanced when a correction factor of 1.2 was applied to the estimated 
evaporation, possibly reflecting the influence of the macrophyte crop in increasing 
evapotranspiration rates in the lake (Wetzel 1983).  This correction is consistent with 
corrections to Penman’s equation reported in the literature (0.94-1.28; Linacre 2004).
Natural catchment inflows were modelled by taking the ratio of the area of the natural 
catchment to that of Ripple Creek and multiplying volumes in Ripple Canal by this 
ratio.  This was considered appropriate because the catchments are adjacent to each 
other, small (Lagoon of Islands catchment = 34.2 km2 and Ripple Creek catchment = 
49 km2) and flashy, with similar geology and land uses.105
4.3.2 (b)    Hydrological residence time
Water residence time (τres) was calculated according to the method of Janus and 
Vollenweider (1984) for each hydrological year (equation 3).  The hydrological year 
was calculated from June-May, as this is the period that usually incorporates a single 
filling-release cycle in Lagoon of Islands.
      ....... (3)
Lake volume was calculated from the equations obtained for the relationship between 
volume and depth (section 4.4.1).  The bathymetry was not measured above the 
agreed maximum operating water level (AMOL; 759.4 m).  Hence, the relationship 
between lake volume and depth at heights above AMOL was outside the range of the 
regression which characterised the relationship.  Extrapolating regressions beyond the 
range of the data used for their development is inadvisable as the relationship may 
change beyond the range from which it was calculated (Quinn and Keough 2002).  
Nonetheless, extrapolating the regression provided the best available estimate of lake 
volume for these levels.  Hence hydraulic residence times for 1970-1978 and 1984-
1988 were calculated by extrapolation.  Thus, residence times calculated for these 
years are indicative only (as the deviation of the real relationship from the 
extrapolated regression is not known).  Residence times could not be calculated for 
1968 and 1983 (equation 3 is undefined when outflow volume is zero).
τres years( ) Lake volume (m
3 )
Annual water discharged (m3 )
------------------------------------------------------------------------=106
4.4      RESULTS
4.4.1   Morphological survey 
The surface area of the lake is 8.99 km2 (at 759.2 m; Table 4.1), 11% of the total 
catchment (including Ripple Creek catchment).  This value differs from that given by 
Tyler at 760.4 m (0.93 km2; Tyler 1976a, Tyler 1976b) which was in error by a factor 
of 10 (P. Tyler, pers comm.).
The bathymetry (Figure 4.2) shows the surrounding hills slope gently downwards 
until they meet a round flat basin.  The bottom of the lake is of uniform depth except 
for a basin in the south-eastern quadrant.  There is a small delta at the mouth of Ripple 
Canal.
The maximum length is also the maximum fetch across the lake, and may be 
significant for wind resuspension of sediments (Table 4.1).  The maximum breadth 
(by definition perpendicular to the maximum length) is comparable to the maximum 
length, suggesting that all wind directions may induce sediment resuspension and this 
may be significant for nutrient cycling processes in the lake.  Shoreline development 
is close to unity (1), suggesting littoral processes may have a significant influence on 
ecosystem processes (Timms 1995).
The hypsographic profile (Figure 4.3 a and b) reflects the lake’s generally uniform 
bottom apart from the deeper basin in its south-east quadrant.  The depth-volume 107
profile shows that the banks steadily slope down to the main basin (Figure 4.3 c and 
d).  The models of these profiles over two depth intervals (<1.5 m and >1.5 m) are 
given in Table 4.2, Table 4.3 and in Figure 4.4.  The degree of fit by the models to 
data was very high.
4.4.2   Hydrology
4.4.2 (a)    Water balance model
The modelled lake volume and the lake volume calculated according to the 
depth:volume relationship showed good agreement (Figure 4.5), with the model 
underestimating calculated lake volume by an average 4%.  This suggests the 
hydrology of Lagoon of Islands can be adequately described by a simple box model 
(Figure 4.1), and that any groundwater exchange must be small (<~0.1% of lake 
volume per day).  The factor (1.2) applied to evaporation (see Methods) increased the 
water lost from the model through evaporation and evapotranspiration.  Without 
applying this factor to the model, water loss was insufficient, therefore the model 
predicted that the lake level slowly increased over time.  There are some significant 
discrepancies between the modelled and calculated lake volumes (Figure 4.5), 
especially in summer 2001, 2002 and 2003.  The most probable explanation for the 
differences from March 1997 is altered evaporation rates associated with climatic 
variability (for example, solar radiation, humidity, cloud cover, wind patterns) 
induced by different phases of the El Niño Southern Oscillation (M. Nunez, 
University of Tasmania, pers comm.).108
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Figure 4.3:  Depth-area (a and b) and depth-volume (c and d) profiles for Lagoon of 
Islands.Table 4.1:  Morphometric parameters of Lagoon of Islands, calculated using the 
methods of Wetzel (1983) and Timms (1992) for maximum water level (759.40 m).
Property Magnitude
Surface area 8.99 km2
Maximum depth 2.0 m
Volume 13129 ML
Maximum length 4280m
Maximum breadth 3002m
Mean depth 1.46m
Shoreline development 1.142
Perimeter 12.140 km110
4.4.2 (b)    Hydrological residence time
Long hydrological  residence times (> 20 years; Table 4.4) were experienced during 
the period when the lake was filling (1964-1971).  Residence times throughout the 
1970s were variable (3.6-67 years).  Residence times are long throughout the early 
1980s but decreased substantially following commissioning of Ripple Creek Canal 
(1984). Following an algal bloom (1989), lake level management was changed to 
encourage macrophyte growth and the maximum operating level was lowered 1.06 
metres to 759.40 m (1992).  Residence times since then have remained below 1 year 
(average 0.31 years).  Fastest replacement times occurred in 1996 and 2001 Table 4.2:  Depth-area models and their fit for Lagoon of Islands. Letters in the right-
most column indicate the model fit in Figure 4.4.  CA = cumulative area, MS = mean squares, 
reg=regression, resid=residuals.
BATHYMETRIC MODEL (DEPTH-AREA) MSreg MSresid Fig 4.5
Cumulative area (%)
0.0-1.5m CA (%) = 100.293 - e 1.527(depth)^(0.615) 45385.2 0.150 (c)
1.5-2.0m CA (%) = e 74.203(depth)^(-6.964) 3532.8 0.490 (d)
Cumulative area (m2 x 103)
0.0-1.5m CA = 8933.117 - e 5.703(depth)^(0.615) 6.87x107 2000.83 (a)
1.5-2.0m CA = e 29.095(depth)^(-2.919) 8.68x106 13952.27 (b)Table 4.3:  Depth-volume models and their fit for Lagoon of Islands. Letters in the right-
most column indicate the model fit in Figure 4.4.  CV = cumulative volume, reg=regression, 
resid=residuals.
BATHYMETRIC MODEL (DEPTH-VOLUME) MSreg MSresid Fig 4.5
Cumulative volume (%)
0.0-1.5m CV (%) = -65.819(depth) + 105.734 27195.4 0.446 (g)
1.5-2.0m CV (%) = e -12.280(depth)+20.45 31.8 0.041 (h)
Cumulative volume (ML)
0.0-1.5m CV(ML) = -8641.55(depth)+13882.17 6.88x107 7693.05 (e)
1.5-2.0m CV(ML) = e 25.240(depth) ^(– 3.212) 5.49x105 115.29 (f)111
Figure 4.4: Raw data (circles) and the fitted models (lines) for the depth-area (a-d) and depth-
volume (e-h) profiles in Lagoon of Islands112
(0.09 years).  The change in maximum operating level to 759.40 m, and immediate 
reduction in hydrological residence time, coincided with an improvement in lake 
water quality (chapter 2).   
4.5      DISCUSSION
Lake morphometry influences important abiotic factors, and therefore indirectly 
affects biota (Hakånson 2005b). For example, sedimentation, water retention, 
stratification patterns, the depth of the photic zone, and the influence of diffusion 
from the sediments on ecosystem processes are all influenced by lake morphometry 
(Hakånson 2005b).  The concentration of nutrients (for a given mass) will be greater 
in a shallow lake than in a deep lake, therefore lake morphometry regulates nutrient 
concentrations from nutrient loading, and hence also primary production and thus also 
secondary production of zooplankton, zoobenthos and fish (Hakånson 2005b).  The Figure 4.5:  Lake volume (ML) modelled in Stella and lake volume calculated (in Excel) 
from the depth-volume relationship.113
shallow depth of Lagoon of Islands (mean depth = 1.46 m) suggests Ripple Canal will 
have a significant effect on nutrient cycling processes in the lake (also indicated by 
water residence times), as will any internal loading, with subsequent effects on 
ecosystem processes.  (These will be investigated further in chapter 5).
The frequency and intensity of wind resuspension is also influenced by lake 
morphometry (Hakånson 2005b). The greatest fetch across the lake lies on a NW-SE 
axis. This is the predominant wind direction in July, August and September, when 
winds are strongest, although strong winds can occur at any time of the year (chapter 
2).  Table 4.4:  Water residence time (years).  1968 and 1983 omitted due to zero outflow 
volumes (section 4.3.2 (b)).  Italics indicate years following commissioning of Ripple Canal.
Year Residence time Year Residence time Year Residence time
1964 54 1978 5.70 1992 0.86
1965 362 1979 62 1993 0.30
1966 5684 1980 482 1994 0.23
1967 256 1981 528 1995 0.47
1969 29 1982 483 1996 0.09
1970 51 1984 7.89 1997 0.39
1971 67 1985 3.47 1998 0.23
1972 8.84 1986 4.18 1999 0.29
1973 5.96 1987 3.08 2000 0.30
1974 30 1988 1.95 2001 0.09
1975 18 1989 156 2002 0.32
1976 10 1990 7.01 2003 0.15
1977 3.63 1991 4.55114
Shoreline development indicates that littoral processes may be significant in the 
behaviour of the lake.  In shallow lakes with a small surface area, littoral flora 
contributes significantly to the productivity, and may influence the metabolism of the 
lake ecosystem (Wetzel 2001).  They also provide habitat for microflora, zooplankton 
and larger invertebrates (Wetzel 2001).  
The shallow mean depth is conducive to growth of many macrophyte species, 
including T. procerum (the most widespread macrophyte in the lake) and B. 
arthrophylla (the only element of the original vegetation community that currently 
inhabits the lake; Rea and Ganf 1994a; Rea and Ganf 1994b, Maxwell and Tyler 
2006).  The influence of the macrophyte crop is supported by the principal 
components analysis results for ammonia (chapter 2).  This suggests a significant 
seasonal contribution to nitrogen cycling through the senescence of the macrophyte 
crop.  
The original ecosystem had declined within ten years of the construction of the dam 
(Tyler 1976), and it is likely there were large nutrient inputs to the water column from 
the decaying vegetation.  Lake level management was initially aimed at maintaining 
high water levels to build up reserves of water for irrigation supply and to reduce the 
macrophyte coverage (Hobbs 1962 cited in Tyler 1976).  During this period, 
hydrological residence times were long (Table 4.4) and the water column was 1.06 m 
deeper than the maximum of the current operating regime.  It is likely that the littoral 
zone became less important in structuring ecosystem processes and the role of pelagic 
interactions increased as the old ecosystem declined.115
The maximum operating level was reduced by 1.06 m in 1992, and the lake is still 
operated in this range (758.34 m - 759.40 m).  The current water level operating range 
is known to be within the depth range preferred by Triglochin and under this 
operating regime the coverage of Triglochin has increased (Sanger 1994).  The 
operating range is outside the range preferred by Baumea for optimum growth and 
recruitment (10-80 cm above the rhizomes; Rea and Ganf 1994a), but Baumea has 
recolonised the lake despite the higher levels (Maxwell and Tyler 2006).
Water level fluctuations are known to influence growth and recruitment of 
macrophytes (Rea and Ganf 1994c) and to have different effects on the growth of 
Triglochin and Baumea.  Baumea prefer a slightly shallower regime than Triglochin, 
and are favoured by a fluctuating regime (Rea and Ganf 1994c).  Thus, shorter 
periods at the agreed maximum operating level (AMOL; 759.40 m) and rapid draw-
down of water should promote the growth of Baumea.  In contrast, Triglochin prefer a 
slightly higher and more stable water regime, so will be favoured by longer periods of 
inundation and slow releases of water.  Thus, the water level regime in the lake has 
the potential to confer a competitive advantage on one macrophyte species over the 
other.
Water level fluctuations also have secondary effects on ecosystem dynamics.  For 
example, altering the macrophyte community to have a more balanced composition of 
emergent macrophytes (Triglochin, Baumea and Eleocharis) by careful water level 
management will influence nutrient cycling process in the lake, as the timing of 
senescence differs for each species.  Thus, the magnitude of the ammonia pulse 
released (chapter 2) may decrease but the duration of ammonia release may increase.116
In small lakes (<10 km2) with a water residence time greater than 100 days, small 
differences in through-flow are empirically inconsequential in relation to potential 
algal growth rate (Reynolds 1997).  However, in small temperate lakes with residence 
times less than 30 days, flushing has been observed to affect phytoplankton 
populations (Reynolds 1997).  The water residence time in Lagoon of Islands ranged 
from 33 days (0.09 years, 1996 and 2001) to many years (whilst the lake was being 
filled; Table 4.4).  Therefore, in 1996 and 2001, flushing and dilution of the water 
column may have influenced the phytoplankton population, probably influencing the 
species assemblage (by favouring faster-growing species) and perhaps restricting the 
biomass.
The trophic status of Lagoon of Islands declined during the period of shortest 
residence times (1992-2003), and the lake currently (April 2007) has a cyanobacterial 
bloom.  This is inconsistent with modelling results suggesting that systems with a 
long residence time will be dominated by phytoplankton populations, while systems 
with shorter residence times will be dominated by macrophytes (Harris 2001b).  The 
reduced residence times since 1992 suggest an explanation for the improvement in 
water quality following the reduction in lake level, but do not explain the subsequent 
return to eutrophication in 1996.  Possible explanations for these inconsistencies 
include increased frequency of wind-resuspension (and associated nutrient inputs) 
arising from the reduced depth of the water column (as wind resuspension is a result 
of the interaction between wind speed, fetch and water depth; Hamilton and Mitchell 
1996), changes in trophic interactions in the lake, possibly resulting from an 
adjustment between littoral processes and pelagic processes, or changes in nutrient 117
cycling processes.  These possible explanations will be explored in subsequent 
chapters.
4.6      CONCLUSIONS
The geomorphology of Lagoon of Islands suggests the lake basin is not subject to 
significant erosion.  Nett groundwater inputs are considered to be small, as the water 
balance model was achieved by omitting groundwater.  Both lake morphology and 
current water level operating range suggest the lake sediment may be susceptible to 
wind resuspension. 
Changes in the management of Lagoon of Islands are reflected in the hydrological 
residence times.  Since the introduction of the current lake level operating regime, 
hydrological residence times have been much shorter.  The coincidence of the 
changed operating volume (from 760.46 m to 759.40 m) with improved water quality, 
and subsequent decline in water quality, requires further investigation, and may 
reflect nutrient cycling pathways that are influenced by hydrological processes.  118
CHAPTER FIVE
NUTRIENT DYNAMICS
5.1  INTRODUCTION
Nitrogen (N) and phosphorus (P) are the principal limiting nutrients in aquatic 
ecosystems and are essential for all algal and plant growth.  Understanding the 
dynamics of nitrogen and phosphorus in an ecosystem can inform management 
strategies to reduce algal blooms and prevent, or rehabilitate a lake from 
eutrophication.  Eutrophication occurs when there is an excess of nutrients in an 
aquatic ecosystem.  The early work describing trophic states of aquatic ecosystems 
was based on lakes across the northern hemisphere (Janus and Vollenweider 1984). 
The indicative concentrations for trophic levels are given in Table 5.1.  
The validity of applying results from European or American lakes to Australian water 
bodies has been questioned (Harris 1994; Harris 1995) but it has been argued that 
Tasmanian water bodies have characteristics in common with European lakes (Tyler 
1992).  The ANZECC guidelines (ANZECC and ARMCANZ 2000), suggest trigger 
values for total phosphorus and total nitrogen concentrations of 10 µg/L and 350 µg/L Table 5.1:  Indicative concentrations for trophic levels.  Taken from OECD 
(1982).  All concentrations in mg/L.
Nutrient 
Oligotrophic Mesotrophic Eutrophic
Mean Range Mean Range Mean Range
Total phosphorus 0.009 0.002-0.018 0.019 0.0056-0.0957 0.1026 0.008-.0750
Total nitrogen 0.661 0.307-1.630 0.753 0.361-1.387 1.875 0.3936.100119
for the maintenance of good ecosystem health (essentially oligotrophy) for slightly 
disturbed freshwater lakes in south-east Australia.
The concentration at which nutrients begin to limit phytoplankton growth varies 
widely.  A study of 18 European lakes (Sas 1989, cited in Robertson 1997) found that 
phosphorus limitation did not occur until the concentration of reactive phosphorus fell 
below 0.01 mg/L for substantial periods of the growing season.  Quinn (1991) found 
that phosphorus limitation occurred in New Zealand water bodies when the 
concentration of filterable reactive phosphorus (FRP) was below 15-30 µg/L and the 
concentration of filterable inorganic nitrogen was below 400-1000 µg/L.  Robertson 
(1997) reported that in well-mixed shallow lakes, biomass decreased when the 
concentration of total phosphorus was below 0.05-0.10 mg/L.  Reynolds (1997) 
suggests that if soluble phosphorus is measurable in the water (>2-3 µg/L) it is 
reasonable to assume that active cells are not limited by their intracellular phosphorus 
content. 
The ratio of total nitrogen to total phosphorus (TN:TP) in the water column can 
indicate which nutrient is most likely to limit biomass (Barica 1990).  In optimal 
growth conditions, phytoplankton will deplete nutrient concentrations in 
approximately the ratio 105C:15N:1P (by moles).  This is known as the Redfield 
Ratio.  Sediment resuspension can cause shifts towards nitrogen limitation because 
TN:TP ratios are generally lower in sediments (Romero et al. 2002).  Nutrient ratios 
in Lagoon of Islands suggest total phosphorus is the nutrient most likely to limit 
biological productivity.  120
This chapter describes nutrient dynamics in Lagoon of Islands and evaluates the role 
of phosphorus in driving ecosystem behaviour.  External and internal loads are 
identified and quantified. (Other factors such as light and climate which drive 
biological productivity in the ecosystem are investigated in chapter 6.) 
5.2     METHODS
5.2.1    Nutrient dynamics in the water column
Lagoon of Islands has displayed behaviour suggestive of alternative stable states over 
the 16 years for which data have been collected (chapter 2).  Each state in an 
alternative state ecosystem has resilience, provided by feedbacks that make it stable 
(Scheffer 1998).  This resilience needs to be overcome before the ecosystem can be 
switched from one “basin of attraction” (or state) to another.  An estimate of the 
resilience of each state (for each parameter) can be obtained from noise in the time 
series data because the resilience is the largest perturbation that can occur before the 
ecosystem is switched into an alternative state.  Therefore, in the forward direction 
(from oligotrophy - eutrophy), the maximum value (of a parameter) in the 
oligotrophic state is an estimate of the resilience of the state to that parameter (Figure 
5.1).   Target levels for remediation (the concentration to which the parameter needs 
to be reduced for long-term stability in the oligotrophic state) were calculated from 
the median for each parameter in the oligotrophic state (Figure 5.1).  The lower 
threshold of the eutrophic state provides an estimate of the point (“saddle point”) at 
which the ecosystem will move from the eutrophic state back to the oligotrophic state.  121
This was estimated from the minimum value for each of the parameters in the current 
eutrophic state (Figure 5.1).  The time series plots for total phosphorus, total Kjeldahl 
nitrogen, turbidity and chlorophyll a were used to estimate the resilience, target and 
threshold for each parameter. 
5.2.2    The role of sediments in nutrient dynamics
5.2.2 (a)    Sediment nutrient concentrations
Sediment samples were collected in June 2002 using an Eckmann grab sampler (by 
IFS under contract to Hydro Tasmania).  Samples were obtained from the top 20 cm Figure 5.1:  Interpretation of time series plots for alternative state ecosystems.  The 
threshold of a regime is the size of the ‘hill’ in the stability landscape diagram for alter-
native stable states (Figure 3.6).  Therefore, crossing the threshold pushes the ecosystem 
into an alternative stable state.122
of sediment according to a grid pattern (500 m) across the lake (Figure 5.2).  Samples 
were analysed for their physical properties and their nutrient and organic content 
(Table 5.2) by Deakin University’s NATA accredited Water Quality Laboratory at 
Warrnambool, Victoria.  ArcView 9.0 was used to construct maps showing the 
distribution of sediment characteristics throughout the lake.  Contours were calculated 
by kriging.Table 5.2:  Parameters analysed for sediment samples.
Parameter (Physical) Parameter (Nutrient)
Percent solids Total phosphorus
Bulk density of wet sediment Total Kjeldahl nitrogen
Bulk density of air dried sediment Soluble reactive phosphorus
Organic content (loss on ignition 550°C) Acid-extractible phosphorus
Inorganic content (loss on ignition 950°C) Alkaline-extractible phosphorus
Moisture content of air dried sedimentFigure 5.2:  Locations of sediment samples.123
5.2.2 (b)    Diffuse nutrient fluxes
Nutrient flux from sediments can vary with benthic biological activity, which is 
dependent on temperature (Petterson 1998; Søndergaard et al. 1999) resulting in a 
seasonal pattern of nutrient flux from the sediments in temperate climates. Such 
patterns have been observed in Danish and Swedish lakes (Petterson 1998; 
Søndergaard et al. 1999).  There is good empirical evidence from the Australian 
mainland that inorganic phosphorus fluxes from sediments are mediated by microbial 
action (Davis and Koop 2006).  
Many methods have been used for measuring sediment nutrient fluxes in both marine 
and fresh waters (Nicholson et al.1999; Reimers et al. 2001; Voillier et al. 2003).  
These include modelling porewater profiles from sectioned sediment cores (for 
example, Bouldin 1968; Lavery et al. 2001; Devine and Vanni 2002), sediment core 
incubations (for example, Boers and van Hese 1988; Søndergaard et al. 1992; Phillips 
1994; Reddy et al. 1996; Gunnars and Blomqvist 1997; Ortega et al. 2002), and the 
placement of sealed benthic chambers in situ (for example, Nicholson et al. 1999; 
Nicholson and Longmore 2001; Ortega et al. 2002; Tengberg et al. 2004a; Tengberg 
et al. 2004b).  Benthic chambers allow the nutrient flux from undisturbed sediments 
to be measured, eliminating uncertainties caused by alteration of chemical, physical 
and biological processes associated with bringing the sediment sample to the surface, 
processing and analysing it (Voillier et al. 2003).  Flux calculations from benthic 
chamber experiments are based on four assumptions (Voillier et al. 2003):
*   steady state conditions are valid during the in situ incubation period with 
respect to solute exchange;124
*   rates of biogeochemical processes in the overlying water column are 
negligible compared to those in the sediments;
*   the hydrodynamic regime inside the chamber does not alter solute exchange 
across the sediment-water interface compared with natural conditions;
*   the size of the sampling area is representative of a larger sediment area.
Benthic chambers were used in this study to measure the diffuse nutrient flux from 
the sediments.  
Two benthic chambers (Figure 5.3; supplied by the Marine Science Laboratory, 
Queenscliff, Victoria) were deployed in August (winter) 2004 and February (summer) 
2005 to capture the probable extremes of benthic biological activity.  The chambers 
were constructed from clear Perspex and cover a sediment floor area of 0.0707 m2.  Figure 5.3:  One of the two benthic chambers deployed to measure nutrient flux.  The per-
spex chamber and sample compartments are seen in the foreground (left).  The meter 
housing (temperature, dissolved oxygen) is immediately right of the sample containers 
and a cable connects it to probes in the centre of the compartment lid.  Note the metre 
rule on the bottom front of the chamber for scale.125
The volume of the chamber is determined by the depth the chamber penetrates the 
sediments, and so changes for each deployment.  This depth is determined from 
graduated readings on the side of the chamber. 
The chambers are operated automatically following deployment.  A stirrer is activated 
to mimic natural currents over the top of the sediments (Nicholson et al. 1999).  
Dissolved oxygen and temperature are logged every 8 minutes from probes built in to 
the chamber.  Water samples (~100 mL) are extracted at programmed intervals for 
later analysis of chemical species.  Each chamber has seven automated compartments, 
so up to seven samples can be extracted from each deployment. 
For the winter (August 2004) deployments both chambers were deployed at sites 1, 2, 
and 4 for 18 hours and at site 3 for 24 hours (Table 5.3).  Each time the chambers Table 5.3: Benthic chamber sample collection winter 2004 and summer 2005.
Season Site
Number 
of 
chambers 
deployed
Length of 
deployment 
(hours)
Time of 
deployment 
start 
(hours)
 Sample 
collection 
frequency 
(hours)
Parameters 
sampled
Winter 1 2 18 13:00 3 DO, temperature, NH3, NOx, FRP
Winter 2 2 18 16:00 3 DO, temperature, NH3, NOx, FRP
Winter 3 2 24 13:00 4 DO, temperature, NH3, NOx, FRP
Winter 4 2 18 13:00 3 DO, temperature, NH3, NOx, FRP
Summer 1 1 18 13:35 3 NH3, NOx, FRP
Summer 2 1 18 15:30 3 DO, temperature
Summer 3 1 18 15:30 3 DO, temperature
Summer 3 2 18 13:00 3 DO, temperature, NH3, NOx, FRP
Summer 4 1 18 15:00 3 NH3, NOx, FRP126
were deployed, 1 hour elapsed before the first water sample was collected to allow 
any disturbance caused by the deployment to settle.  On retrieval of the chamber, 
samples collected for nutrient analysis were filtered (0.45 µm) on site and preserved 
using 6 drops of concentrated sulphuric acid.  Subsequently, they were analysed for 
ammonia, nitrate + nitrite and soluble reactive phosphorus.  Analyses were performed 
by the Deakin University Water Quality Testing Laboratory.
In February 2005 sampling difficulties restricted the number of successful 
deployments, ultimately affecting the parameters and number of samples obtained at 
each site (Table 5.3).  Financial constraints and equipment availability prevented the 
experiments being repeated to obtain further replicates.  Sample treatment followed 
the same procedure employed in August 2004.
Analytical Reagent (AR) sodium chloride (50 mL of a 12 g Cl-/L solution) was added 
to the chamber as a spike at sites 1 and 4 in February 2005 to assess whether the 
chamber was forming a complete seal with the sediments.  A sample of the spike was 
retained and analysed separately to assess its contribution to sample nutrient 
concentrations.
The flux from the sediments was calculated according to equation 1.  A factor of 24 
was applied (in equation 1) to convert from flux per hour to flux per day.
Flux (mmol m-2 d-1)        ......... Equation (1)
where:
C2 = concentration of solute at time T2 (mmol L-1)
C2 C1–
T2 T1–
------------------⎝ ⎠⎛ ⎞ V.24
1
A
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C1 = concentration of solute at time T1 (mmol L-1)
T2 = end time (hour)
T1 = initial time (hour)
V = chamber volume (L)
A = area of sediment covered by chamber (m2)
For regular flux profiles, the timeseries plot for the deployment was used to identify 
the period with the steepest slope, as this was the period with the most rapid rate of 
change (Figure 5.4).  T1 and T2 were chosen from within this period, so calculated 
fluxes are a maximum flux over the period of deployment.
Turbidity prevented sighting of the chamber’s depth gauge for three deployments 
during summer, so the chamber volume could not be calculated accurately.  For these Figure 5.4:  Dissolved oxygen profile from a winter benthic chamber deployment at site 1.  
The dotted red line shows the line of fit used to calculate the flux.128
deployments, a probable minimum and maximum flux was obtained (using the 
minimum and maximum depths over all chamber deployments). Subsequently, the 
mean of these two values was taken as the flux.
Irregular flux profiles (showing no consistent trend over time; for example, Figure 
5.5) were obtained for some nutrient fluxes (14 of 43 profiles).  These profiles were 
unexpected, and could be due to methodology (for example, contamination, a leak in 
the chamber or a fault in analysis) or behaviour of the ecosystem (for example, 
bioturbation). While we cannot assess contamination or analysis errors, they are 
considered unlikely as causes of the irregular profiles.  Bioturbation is considered the 
most likely cause (Ortega et al. 2002). Figure 5.5:  Irregular flux profile (NOx, site 1, summer).  129
Fluxes were calculated from the irregular profiles by obtaining the slope of the 
regression (over the length of the deployment).  Fluxes were then calculated 
according to equation 2.  The error in the calculated flux was the error in the slope.  
Flux (mmol m-2 d-1)        ......... Equation (2)
where:
slope = the slope obtained from the regression (mmol L-1)
T = length of deployment, either 18 or 24 hours (Table 5.3)
V = chamber volume (L)
A = area of sediment covered by chamber (m2)
Nutrient fluxes could not be calculated for some deployments as too many samples 
had concentrations below the analytical detection limit (18 of 42  nutrient profiles).  
The maximum possible flux for each nutrient species (ammonia-N, FRP-P and NOx-
N) was estimated by assuming the maximum change in concentration (“slope” in 
equation 2) that could have occurred was equal to the detection limit. 
5.2.2 (c)    Resuspension of sediments by wind
Another mechanism by which sediment nutrients can be added to the water column is 
wind-induced sediment resuspension.  Hamilton and Mitchell (1996) describe the 
theory of wind-induced resuspension of sediments.  Their model does not account for 
all physical properties of sediments (for example, cohesion of sediments and 
substrate) and must be calibrated against field measurements.  Investigation into the 
effect of wind-induced resuspension of sediments at Lagoon of Islands thus consisted 
slope
T
-----------⎝ ⎠⎛ ⎞ V.24
1
A
--⎝ ⎠⎛ ⎞=130
of two components:  the theoretical calculation and mapping of sediment 
resuspension and the collection and analysis of turbidity and total suspended solids 
samples for model calibration.
Hamilton and Mitchell’s (1997) model calculates shear stress using wind speed, wind 
direction and water column depth data.  The fetch was determined for each point on a 
300m grid for the three most common wind directions (southerlies, north-westerlies 
and westerlies).  Fetch was calculated using ArcView 9.0.  Theoretical shear stress 
contours were interpolated by kriging using Surfer8 (Golden Software Inc.) for each 
wind direction (N, S, W), wind speed (2.57 m/s, 5.14 m/s, 7.72 m/s and 10.29 m/s) 
and water depth (minimum operating level, 758.34 m, and maximum operating level, 
759.40 m).
Turbidity data for calibrating the theoretical model were collected using a Greenspan 
TS300 (0-500 NTU) turbidity logger recording hourly, deployed during water quality 
monitoring and benthic chamber sampling trips throughout 2004 and 2005.  The 
probe was calibrated against a Hach 2100 turbidity meter.  The length of deployment 
varied (between one week and two months) depending on the period between water 
quality trips, and the availability of the logger. 
Suspended solids samples were collected on water quality trips during 2004 and 2005 
and analysed using APHA method 2540-D (American Public Health Association 
1995).  These data were combined with the suspended solids data (pre-1998) from the 
existing water quality data set. Ordinary least squares (OLS) linear regression was 
used to model the relationship between total suspended solids and turbidity.  Data 
analysis was performed in Systat 11 and parameters were log-transformed to satisfy 131
the requirement for a normal distribution.  Particulate turbidity (the component 
removed by a 0.45 µm filter) was calculated as the difference between  turbidity and 
filterable turbidity, and includes turbidity caused by detritus, mineral grains and 
phytoplankton.  
The relationship between particulate turbidity and total suspended solids was 
modelled using OLS linear regression.  Data were plotted as a time series and possible 
resuspension events identified.  Shear stress was calculated for the identified events 
and plotted against suspended solids concentration (calculated from turbidity), 
enabling identification of the critical shear stress at which sediment resuspension 
occurs.
5.2.3    Influence of Ripple Canal
5.2.3 (a)    Existing data sets
There are limited data on nutrient concentrations in Ripple Canal, consisting of:  spot 
measurements taken at the fish trap (Figure 2.1) during water quality monitoring trips 
when Ripple Canal was flowing; a spot survey of nutrients in the flowing canal taken 
in April 1999; and spot samples from the banks of the canal taken in September 1996.  
Ripple Creek Canal has a small catchment (53.7 km2) with most of the canal cut in 
residual dolerite soil dominated by clay (Wilson 1983).  It has been suggested that 
erosion of the banks supplies a significant load of phosphorus to the lake (Figure 5.7; 
Prosser 1998).  Sudden floods resulting from storms can bring a pulse of nutrients 132
down a stream, especially in intermittent streams like Ripple Canal (Harmel et al. 
2002).  
5.2.3 (a)  (i)  Fish trap data
Spot samples (n=34) were collected from the fish trap (Figure 2.1) whenever flows 
were present during water quality sampling trips since July 1999.  Temperature, 
conductivity, dissolved oxygen, pH, turbidity, total Kjeldahl nitrogen (TKN), total 
phosphorus (TP), nitrate and nitrite (NOx), ammonia (NH3), reactive phosphorus, 
total iron and total manganese were measured.  The relationships between the 
nutrients, turbidity and total iron were investigated.  Total manganese, nitrate, nitrite 
and ammonia were excluded from the analysis as their data sets contained too many 
samples below the detection limit.
5.2.3 (a)  (ii)  Longitudinal nutrient survey
Nutrient samples were taken along Ripple Canal at 10 sites in April 1999 (by IFS 
under contract to Hydro Tasmania; Figure 5.14).  They were analysed for ammonia, 
total Kjeldahl nitrogen, nitrate, nitrite, total phosphorus, soluble reactive phosphorus 
and total iron.  The results were analysed as part of this study. 
5.2.3 (b)    Autosampler
Maximum nutrient and total suspended solids inputs are most likely to occur in the 
first flood flow (or “flush”) following heavy rain (Harmel et al. 2002) so calculation 
of the nutrient load into the lake using the existing data from the fish trap was likely to 
underestimate the load.  An autosampler was used (2005) to collect nutrient samples 
at Transition Inlet (the last point along the canal before it is piped into the lake;133
Figure 5.6, Figure 5.7) to estimate the nutrient load in flood flows following heavy 
rain. A minimum flow threshold of 0.001 – 0.040 m3/s  has been recommended for 
sampling small watersheds (Harmel et al. 2002).  These authors discuss sources of Figure 5.6: Location of Transition Inlet on Ripple Canal.Figure 5.7:  The autosampler, turbidity meter, telemetry station and loose sediment (from 
frost-heave) on the banks at Transition Inlet.134
error in automated storm sampling.  The trigger flow for automatic sampling of 
nutrients and total suspended solids in Ripple Canal was set at 0.028 m3/s (channel 
height = 0.57 m).
Two flood events were measured (19-20 June 2005 and 31 August - 1 September 
2005).  The autosampler had capacity for 24 bottles, each of 1 L volume.  Composite 
samples of 4 x 250 mL were collected in each bottle according to the following 
program:
*   On trigger:  3 x 250 mL samples at 7 minute intervals and 1 at 8 mins = 
1 L composited over 29 minutes.
*   Then, 32 x 250 mL samples at 15 minute intervals = 8 L each composited 
over 1 hour (cumulative time 8 hours and 29 minutes).
*   Followed by 48 x 250 mL at 30 minute intervals = 12 L composited over 
24 hours (cumulative time 32 hours 29 minutes).
Samples were taken over 32 ½ hours with greater frequency initially, because the bulk 
of the nutrients were expected on the rising limb of the hydrograph.  They were 
analysed for total suspended solids (TSS), total phosphorus (TP), total Kjeldahl 
nitrogen (TKN) and filterable reactive phosphorus (FRP) according to standard 
methods by Analytical Services Tasmania.  Flow volume and turbidity data were 
recorded automatically every 20 minutes by Hydro Tasmania.  Following the first 
flood (19 - 20 June 2005), the trip height was raised to 0.75 m for the next event (31 
August - 1 September) because of a minimum flow of water in the canal.
Turbidity and flow data are logged at Transition Inlet (every 20 minutes) by Hydro 
Tasmania.   Each turbidity measurement was multiplied by the water volume over that 135
20 minutes to estimate the ‘total turbidity’ that had passed Transition Inlet over that 
period.  The relationship (over the captured flood event) between turbidity and the 
analytical parameters (TSS, TP, TKN and FRP) was described using linear 
regression.  These relationships were applied to the ‘total turbidity’ past Transition 
Inlet (for each 20 minute period) and summed to estimate the total load of each 
analytical parameter into Lagoon of Islands.  
5.2.4    Relative phosphorus residence times
Nutrient residence times are important factors which may determine uptake by biota 
(Harris 1994).  Residence times also have an impact on internal loading to the water 
column.  Internal loading is known to delay (sometimes by decades) the recovery of 
an ecosystem following reduction of external inputs (Janus and Vollenweider 1984; 
Perrow et al. 1994; Van der Molen and Boers 1994; Recknagel et al. 1995; Petterson 
1998; Søndergaard et al. 2003).
The relative residence time of total phosphorus (τres P)  is the residence time of total 
phosphorus relative to water (equation 3; Janus and Vollenweider 1984): 
  ......Equation (3)
which reduces to (Janus and Vollenweider 1984):   
                     ....Equation (4)   
 where:
τP
τw
-----
standing stock of phosphorus in lake (mg)
yearly supply of phosphorus to lake (mg/year)
--------------------------------------------------------------------------------------------------------------⎝ ⎠⎛ ⎞
lake volume (L)
yearly water discharge (L)
---------------------------------------------------------------⎝ ⎠⎛ ⎞
-------------------------------------------------------------------------------------------------------------------=
τresP [mean annual lake concentration TP][mean annual inflow concentration TP]-----------------------------------------------------------------------------------------------=136
mean lake [P] =  annual (hydrological year) mean concentration of P (mg/L)
mean inflow [P] =  annual (hydrological year) mean concentration of P in the 
inflowing water (mg/L).
 If a substance is dissolved and no reaction takes place, its relative residence time is 1 
and the substance is considered conservative.  If the substance is removed from the 
water column by chemical or biological processes, its relative residence time will be 
less than one.  If nett internal loading (over a hydrological year) occurs, the relative 
residence time will be greater than one (Janus and Vollenweider 1984).  The relative 
residence time for total phosphorus was calculated according to equation 4.  
Residence times were calculated for hydrological years (June - May, chapter 4).
The mean annual in-lake concentration of phosphorus was calculated for each year 
using data from the water quality data set.  The mean inflow concentration assumed 
Ripple Creek was the only significant external source of phosphorus.  The mean 
annual inflow concentration was estimated using the relationship between turbidity 
and total phosphorus data from the fish trap, which was applied to turbidity and flow 
volume data logged each minute at Transition Inlet. This gave estimated total 
phosphorus masses per minute, which were summed to estimate the annual load for 
each year since 1994, from which the mean annual load was obtained. 
5.2.5    Phosphorus mass-balance model
The mass-balance model for phosphorus was calculated monthly according to the 
method described by Jørgensen and Bendoricchio (2001) using Stella v9.0 (Trial 137
version, ISEE systems).  The total phosphorus mass balance for the system is 
described by equation 5 (Jørgensen and Bendoricchio 2001) and is represented 
conceptually in Figure 5.8:
………….... Equation (5)
 where:
 V = lake volume (m3)
  = change in in-lake phosphorus concentration with time 
(mg P.m-3.month-1), calculated from the difference between monthly 
phosphorus samples.
 L(t) = the load from Ripple Canal (kg P/month)
Q = lake outflow volume (m3/month)
C =  lake concentration (kg P/m3)
V δCδt------⎝ ⎠
⎛ ⎞ L t( ) QC νAsC–– kVC–=
δC
δt------Figure 5.8:  Conceptual model for phosphorus mass in Lagoon of Islands.  138
 ν = apparent settling velocity of particulate phosphorus (m/month)
As = sediment deposition area (ie lake surface area, m2)
k = rate constant accounting for biotic uptake (month-1)
Lake volume and outflow volumes to Blackburn Creek were directly inputted from 
the water balance model (chapter 4). The mass of phosphorus in the inflowing water 
from Ripple Canal was calculated for 1993-2004 by estimating the concentration of 
total phosphorus from turbidity logger data using the relationship identified at the fish 
trap (section 5.2.3) and multiplying this by the flow volume.  Phosphorus leaving the 
lake through Blackburn Creek was estimated by multiplying the in-lake concentration 
by the volume of the outflows.  This method was validated by Ebsary (1987). 
 The “internal loading” contribution (-(νAsC + kVC) in equation 5) was calculated by 
summing the mass of total phosphorus in the inflows and the mass of total phosphorus 
in the water column and subtracting the outflow losses.  It includes any phosphorus 
inputs from natural tributaries as insufficient data were available to estimate these 
independently.  The concentration of phosphorus was calculated using the modelled 
in-lake mass of total phosphorus and lake volume data (Figure 5.8).  The model was 
verified by overlaying time-series plots of the modelled and measured data sets for 
total phosphorus.  139
5.3  RESULTS
5.3.1    Nutrient dynamics in the water column
The mean concentration of total phosphorus in the lake remained below 0.05 mg/L for 
each trophic period (Table 5.4), well below the 0.05-0.10 mg/L reported to limit 
biomass in well-mixed shallow lakes (Robertson 1997).  The mean concentration of Table 5.4: Descriptive statistics for nutrient parameters in Lagoon of Islands 
during each trophic period. 
Period Species N Mean
Standard 
deviation
Min Max
First eutrophic
(Sept 1989 - 
June 1991)
Total P (mg/L)
FRP (mg/L)
TKN (mg/L)
Ammonia (mg/L)
Turbidity (NTU)
Chlorophyll a (µg/L)
51
16
49
45
44
43
0.029
0.002
1.77
0.13
18.12
42.25
0.010
0.001
0.38
0.09
8.34
22.52
0.006
<0.001
1.10
0.010
2.92
7.82
0.063
0.005
3.20
0.41
33.28
100.08
Oligotrophic
(July 1991 - 
March 1997)
Total P (mg/L)
FRP (mg/L)
TKN (mg/L)
Ammonia (mg/L)
Turbidity (NTU)
Chlorophyll a (µg/L)
69
21
68
47
66
68
0.016
0.001
0.97
0.089
6.42
5.11
0.008
0.0007
0.35
0.126
6.44
5.28
0.005
<0.001
0.540
0.005
0.39
0.44
0.045
0.003
2.32
0.510
33.28
25.99
Second 
eutrophic 
(March 1997 - 
June 2006)
Total P (mg/L)
FRP (mg/L)
TKN (mg/L)
Ammonia (mg/L)
Turbidity (NTU)
Chlorophyll a (µg/L)
95
n/a
85
86
196
182
0.037
n/a
1.75
0.076
10.51
15.91
0.017
n/a
0.552
0.114
5.90
9.80
0.016
n/a
0.80
0.003
2.96
2.54
0.086
n/a
3.19
0.471
47.60
72.85140
Table 5.5: Target values for key parameters in Lagoon of Islands. 
Parameter
Oligotrophic 
stability target
Oligotrophic 
resilience limit
Saddle 
point
Current 
(Mar 2007)
Chlorophyll a (µg/L) 3.1 26 2.5 131
Total phosphorus (mg/L) 0.014 0.045 0.016 0.190
Total Kjeldahl nitrogen (mg/L) 0.89 2.30 0.80 2.10
Turbidity (NTU) 3.90 33.3 3.0 126soluble reactive phosphorus during the first eutrophic period was much less than the 
15-30 µg/L reported to limit algal biomass in New Zealand waterbodies (Quinn 1991). 
As outlined in section 5.2.1, the descriptive statistics for each period and time series 
plots were used to estimate the target for oligotrophic stability, the extent of resilience 
of the oligotrophic state and the “saddle point” (at which a switch from eutrophy to 
oligotrophy is expected to occur; Table 5.5, Figure 5.9).  Chlorophyll a, TKN and 
turbidity have saddle points that are less than the target for oligotrophic stability.  
Therefore, remediation efforts have to reducing the concentrations of these parameters 
to equal or less than their saddle points before a switch to the oligotrophic state can 
occur.  Once the switch to oligotrophy has been achieved, the ecosystem should be 
able to adjust to a slightly higher value for these three parameters, and cope with 
fluctuations up to the oligotrophic resilience limit (Table 5.5).  If the oligotrophic 
resilience limit is exceeded, it can be expected that a switch back to eutrophy will 
occur.  The chlorophyll a and total phosphorus concentrations and turbidity in Lagoon 
of Islands need to be reduced by over 90%, and total kjeldahl nitrogen by over 50%,  141
to overcome their respective saddle points (Table 5.5), and therefore to achieve a 
switch between states.
5.3.2    The role of sediments in nutrient dynamics
5.3.2 (a)    Sediment nutrient concentrations
At six sites (of 34), sediment samples were not obtained, either because the sediments 
had insufficient coherence to be retained by the grab sampler or because the decaying 
reed mat from the pre-dam ecosystem prevented access to the sediments (M Jack, 
formerly IFS, pers. comm.).  The locations of sediment samples are shown in Figure 
5.10.Figure 5.9:  Time series plot of total phosphorus showing median (.....) and proposed 
threshold (____) of resilience for the three states in Lagoon of Islands (1989-2005).142
Sediments in Lagoon of Islands have high organic content and very low percent solids 
(Table 5.6).  The concentration of total Kjeldahl nitrogen is higher than the range 
reported in the literature for eutrophic and hypertropic lakes in Australia and New 
Zealand (Table 5.7).  The concentration of total phosphorus in Lagoon of Islands is in 
the upper end of the range (300-1600 mg/kg dry weight) reported for a diverse range 
of Australian sediments (Baldwin 1996).  The soluble reactive phosphorus content is 
low, averaging 0.4 ± 3.9 % of the total phosphorus content.  Similarly, both acid-
extractable P (mean = 95.3 mg/kg air dried sediment; present as aluminium and iron 
phosphates and as P adsorbed on colloidal surfaces) and alkali-extractable P (mean = 
101 mg/kg air dried sediment; extracted from calcareous, alkaline and neutral 
sediments, which include calcium phosphates and iron hydroxides) represent only a 
small proportion of the total phosphorus content of the sediments (6.6 ± 3.9 % and 7.2 Figure 5.10:  Location of sediment samples.  Red crosses show locations that were not 
sampled.143
Table 5.6:  Descriptive statistics for parameters measured from the sediment samples.  
n = sample population, ‘Std Dev’ = standard deviation and ‘CV’ = coefficient of 
variation.
Parameter n Mean Min Max
Std 
Dev
CV
Percent solids (% wet weight) 21 2.77 0.50 5.90 1.67 0.61
Loss on Ignition (550C, % dry weight) 21 55.3 31.8 66.5 7.92 0.41
Loss on Ignition (950C, % dry weight) 21 2.11 1.30 3.30 0.50 0.24
Bulk density (wet sediment, g/cm3) 21 0.97 0.89 0.99 0.022 0.02
Bulk density (air dried sediment, g/cm3) 21 0.55 0.29 0.68 0.10 0.17
Soluble reactive P (mg/kg air dried) 21 5.25 0.00 16.3 4.74 0.90
Alkaline extractable P (mg/kg air dried) 21 101 20.0 181 44.2 0.44
Acid extractable P (mg/kg air dried) 21 95.3 30.0 300 64.8 0.68
Total phosphorus (mg/kg air dried) 21 1510 560 2350 509 0.34
Moisture content (% air dried) 21 8.23 4.70 15.8 2.26 0.27
Total Kjeldahl nitrogen (mg/kg air dried) 21 20433 13500 24400 2160 0.11Table 5.7:  Total Kjeldahl nitrogen content of sediments in other lakes.  
Location
Total Kjeldahl 
nitrogen (mg/kg air 
dried sediment)
Trophic status 
of lake
Source
Lake Mulwala (NSW) 480-3190 Eutrophic (Hart et al. 1976)
Pink Lake (Vic) 900-2800 Not stated (Marchant & Williams 1977)
Lake Gillear (Vic) 4000-5000 Meso-eutrophic (Gasperini 2000)
Lake Modewarre (Vic) 8107 Eutrophic (Conder 1998)
Lake Wallace (Vic) 18560 ± 2880 Eutrophic (Vinall 1999)
Lake Rotowhero (NZ) 4420-12900 Hypertrophic (McColl 1977)
Lake Okaro (NZ) 4650-12200 Hypertrophic (McColl 1977)
Lake Ngapouri (NZ) 2860-6780 Eutrophic (McColl 1977)
Lake Rotokakahi (NZ) 1790 – 3980 Mesotrophic (McColl 1977)
Lake Okareka (NZ) 1790-39808 Mesotrophic (McColl 1977)
Lake Tikitapu (NZ) 2460-4260 Oligotrophic (McColl 1977)
Lake Okataina (NZ) 3610-5040 Oligotrophic (McColl 1977)
Lake Rotama (NZ) 4140-5600 Oligotrophic (McColl 1977)144
± 3.9% respectively).  Hence, although the sediments contain a large store of total 
phosphorus, most of it is not readily available to biota.
High phosphorus inputs from Ripple Canal are suggested by higher concentrations of 
total phosphorus, soluble reactive phosphorus and alkali-extractible phosphorus at the 
mouth of the canal (Figure 5.11 and Figure 5.12).  The spatial distributions of total 
Kjeldahl nitrogen, organic content and total phosphorus (Figure 5.11 and Figure 5.12) 
are centred around the remains of the old ecosystem (visible in the aerial photograph; 
Figure 5.11 (i)), and suggest a lot of the nitrogen and phosphorus in the surface 
sediments is associated with organic matter.
The ratio of TKN:TP (by mass) in the sediments (Figure 5.13) ranges from near 
optimal for phytoplankton growth (7.02) to potential phosphorus limitation (34.6).  
The proportion of phosphorus is lowest in the south-west corner of the lake, reflecting 
the low phosphorus concentration in the sediments (Figure 5.11).  The mean of the 
ratio in the sediments (15.7 ± 7.3) is lower than in the water column (69.7 ± 34.6), 
consistent with the expectation that TN:TP ratios are usually lower in the sediments 
of a water body as a result of denitrification processes (Hamilton and Mitchell 1997).  
5.3.2 (b)    Diffuse fluxes 
Benthic chambers were deployed to identify seasonal or spatial variation in diffuse 
nutrient fluxes from the sediments.  The parameters measured from each deployment 
were summarised earlier (Table 5.3).145
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Fourteen of the 43 profiles obtained were irregular, showing no consistent trend over 
time (for example, Figure 5.5; Table 5.8). Irregular profiles were also obtained from 
Spanish coastal sediments and attributed to the processes of irrigation of benthic 
macrofauna (Ortega et al. 2002).  Activities of benthic macrofauna could explain the 
irregular profiles obtained from Lagoon of Islands.  
Eighteen profiles had a majority of sample concentrations below the analytical limit 
of detection (Table 5.8), especially winter measurements of NOx and summer 
measurements of FRP.  An upper limit of diffusive flux was etimated for each nutrient 
species measured (FRP, NOx and NH3) by assigning the limit of detection 
concentration to the last sample collected (Table 5.9).Figure 5.13:  Ratio of TKN:TP throughout the sediments in Lagoon of Islands.148
Table 5.8: Trends in sediment fluxes for dissolved oxygen and soluble nutrients 
for summer and winter deployments in Lagoon of Islands.
* r and w are duplicate chambers.  +a, b and c are repeated deployments at the same 
site. n/a = samples not collected.
Chamber deployment DO FRP NH4+ NOx
Winter 2004
1r* Negative BDL Irregular Irregular
1w* Negative Irregular Irregular BDL
2r Negative BDL Positive Irregular
2w Negative Irregular Irregular BDL
3r Negative BDL Positive BDL
3w n/a n/a n/a n/a
4r Negative Irregular Irregular BDL
4w n/a Irregular Irregular BDL
Summer 2005
1 n/a BDL BDL Irregular
2 Negative n/a n/a n/a
3a+ Negative BDL BDL BDL
3b+ Irregular BDL BDL Irregular
3c+ Negative n/a n/a n/a
4 n/a BDL BDL BDLTable 5.9:  Upper limit of diffusive flux for nutrient species when all samples 
collected during the deployment were below the analytical limit of detection.
Nutrient species
Upper diffusive flux
(µmol m-2 d-1)
FRP 86
NH3 190
NOx 190Table 5.10:  Dissolved oxygen fluxes from benthic chamber deployments.  Units 
are mmol m-2 day-1.  The flux for site 3c (summer 2005) is the experimentally 
recorded flux.  Other summer fluxes were calculated according to the method 
described for those times when turbid water prevented sighting of the chamber height.
Winter 2004 Summer 2005
Site Flux ± SE Site Min flux ± SE
Max flux ± 
SE
Mid-point 
flux
1 -29.4 ± 3 2 -9 ± 1 -13 ± 2 -11
2 -7 ± 1 3a -8 ± 1 -13 ± 2 -10
3 -16 ± 2 3b -27 ± 3 -43 ± 5 -35
4 -11 ± 1 3c -40 ± 5149
5.3.2 (b)  (i)  Dissolved oxygen
The negative dissolved oxygen fluxes show benthic biota are active in the sediments 
at all four sites but the amount of activity varies (Table 5.10).  The volume of the 
chamber could not be read (due to high turbidity) for three of the summer 
deployments for which DO concentration was recorded, so the flux was estimated as 
described in section 5.2.2 (b).
The dissolved oxygen flux at site 1 was significantly different from that at sites 2, 3 
and 4 in winter 2004 (ANOVA, F-ratio = 2.413, MSANOVA 0.004 > MSresid0.002), 
but there was no significant difference between sites in summer 2005 (ANOVA, F-
ratio = 0.87, MSANOVA 225.3 < Msresid 258.3).  No significant variability was 
identified between seasons (ANOVA, F-ratio = 0.80, MSANOVA 136.1 < MSresid 
169.5).
Dissolved oxygen profiles were negative for all deployments for which data are 
available, indicating nett consumption of oxygen within the chamber (Figure 5.4).  
Dissolved oxygen fluxes in Lagoon of Islands were smaller than the 
-50 mmol m-2 d-1 reported by Sloth et al. (1996) for the estuarine lagoon Knebel Vig, 
Denmark, but are comparable to values obtained from the Barwon River 
(G Nicholson, pers comm.), Port Phillip Bay (Nicholson and Longmore 2001) and 
oligotrophic Lake Kvie (Andersen and Olsen 1994; Table 5.11). 
Diurnal patterns, as would be expected if photosynthetic or respiratory processes 
dominated dissolved oxygen dynamics in the chamber, were not observed (Figure 
5.4).  Eight dissolved oxygen profiles showed nett consumption, and two profiles 150
(sites 2 and 3, summer 2005) showed no nett change in the dissolved oxygen 
concentration inside the chamber.  The nett benthic consumption of oxygen in Lagoon 
of Islands suggests respiration by organisms on or in the sediments is greater than 
oxygen production from photosynthesis (macrophytes and algae).  This could be 
because the highly turbid water in Lagoon of Islands may be sufficient to restrict 
photosynthesis on the lake floor.  
5.3.2 (b)  (ii)  Nutrients
There was no significant difference in the flux of any nutrient species between 
seasons, using the maximum possible flux (Table 5.9) for deployments with too many 
values below the analytical limit of detection (Tables 5.12, 5.13 and 5.14).  Nor was 
there significant spatial variability in the nett diffuse flux of soluble reactive 
phosphorus or ammonia (Tables 5.12 and 5.13).  The diffuse flux of NOx from site 3 
in summer was significantly different from all other fluxes for NOx (Table 5.14).
The diffuse flux of FRP, NH3 and NOx could not be calculated from 4, 3, and 3 
deployments (respectively) because too many samples were below the analytical limit 
of detection (Table 5.12, Table 5.13 and Table 5.14).  For these deployments, the 
maximum possible flux is 86 µmol m-2 d-1 of FRP and 190 µmol m-2 d-1 of NH3 and 
NOx (Table 5.9).  Estimating the annual flux from the sediments, using only 
experimentally measured fluxes, suggests the sediments are a net sink for FRP (Table 
5.15).  However, including the maximum possible flux for each deployment that had 
too many samples below the analytical detection limit suggests the sediments are a 
net source of FRP (Table 5.15).  The sediments could be a net source of ammonia and 
a net sink of NOx  based on measured fluxes (Table 5.15).151
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Table 5.12:  Flux of soluble reactive phosphorus.  BDL = all measurements were below 
detection limit (maximum possible flux = 86 µmol m-2d-1.  
Winter 2004 Summer 2005
Site
Flux ± SE
(µmol m-2d-1) Site
Flux ± SE
(µmol m-2d-1)
1 -26 ± 21 1 BDL
2 8 ± 23 3 BDL
3 BDL 4 BDL
4 -24 ± 37Table 5.13:  Ammonia fluxes from benthic chamber deployments.  Units are 
mmol m-2 day-1.
Winter 2004 Summer 2005
Site Flux ± SE Site Flux ± SE
1 -0.2 ± 0.3 1 BDL
2 0.4 ± 0.2 3 BDL
3 2.1 ± 0.08 4 BDL
4 -0.4 ± 0.2Table 5.14:  NOx fluxes.  BDL = all values below detection limit.
Winter 2004 Summer 2005
Site
Flux ± SE
(mmol m-2d-1)
Site
Flux ± SE
(mmol m-2d-1)
1 -0.08 ± 6.9 1 0.6 ± 1.3
2 -0.4 ± 0.1 2 n/a
3 BDL 3 -3.0 ± 2.5
4 BDL 4 BDLTable 5.15:  Estimated annual diffuse flux of soluble nutrient species.
Nutrient 
species
Annual flux 
(using experimentally measured data)
Annual flux
 (using maximum possible fluxes)
FRP-P -1418 kg 4370 kg
NH3-N 17 tonnes 13 tonnes
NOx-N -35 tonnes -15 tonnes153
The maximum possible flux is likely to be an overestimation of the FRP released 
under diffuse conditions for winter at site 3, as much smaller fluxes were recorded at 
the other sites during winter (Table 5.12).
Water quality monitoring conducted (for Hydro Tasmania) on the first day of summer 
deployments showed the concentration of FRP in the water column (0.003 mg/L) was 
3 times greater than the analytical detection limit (0.001 mg/L).  Therefore, the 
concentration of FRP in the benthic chamber samples should have been detectable if 
the sediments were a net source of FRP over this period.  It is more likely that the 
sediments were a sink for FRP, due to the relatively high concentration of FRP in the 
water column and the low concentrations in the benthic chamber samples.  Thus the 
maximum possible flux is likely to overestimate the contribution of diffuse FRP 
fluxes to the water column.  The measured diffuse flux of all species is much lower 
than that from sediments studied elsewhere (Table 5.11).
5.3.2 (c)    Nutrient release from sediments by wind resuspension
The critical shear stress for sediment resuspension to occur in Lagoon of Islands is 
0.03 N/m2, indicated by a discontinuity in the scatterplot of turbidity and suspended 
solids (Figure 5.14) which is consistent for all recorded events (mean = 0.028 N/m2, 
sd = 0.007 N/m2, n = 6).  This critical shear stress is less than that of 0.05 N/m2 
calculated elsewhere (Carper and Bachmann 1984; Hamilton and Mitchell 1996; 
Uytendaal 2003).  The lower critical shear stress for Lagoon of Islands is probably a 
result of the low density and coherence of the sediment (average bulk density of wet 
sediment = 0.97 g/cm3).154
The height of the water column influences sediment resuspension as only light winds 
(5-10 knots) are required to induce resuspension at NMOL (Normal Minimum 
Operating Level, 758.34 m), but much stronger winds (15-20 knots) are required for 
the same effect when the level is at AMOL (Agreed Maximum Operating Level, 
759.4 m; Table 5.16; appendix 5).
Field measurements showed that during a resuspension event an average increase of 
26 mg/L occurred in suspended solids, although the amount varies considerably with 
the intensity and duration of the event (Table 5.17).  The maximum turbidity increase 
recorded while the logger  was deployed was 76.5 NTU.  A resuspension event that 
increases the concentration of total suspended solids by 26 mg/L would resuspend 
250 tonnes of solids at  758.9 m (the middle of the operating range for the lake, 
“operational midpoint”), and equates to 0.9 mm of sediments being resuspended.Figure 5.14:  The relationship between shear stress on the sediments and suspended solids 
concentration in the water column (for the wind resuspension event on 6-7 September 
2004).155
The average concentration of total phosphorus in the sediments is 1510 mg/kg (air 
dried sediment).  So an ‘average’ resuspension event like that described above will 
add 380 kg of total phosphorus to the water column.  This is comparable to the mass 
typically in the water column (for example, 355 kg, June 2006), indicating the 
potential of resuspension to substantially alter total phosphorus concentrations. 
Multiplying the total phosphorus input from an ‘average’ resuspension event (380 kg) 
by the average number of days with average wind speed sufficient to resuspend over 
half of the lake sediments (41.6 days with average wind speed greater than 5 knots 
each summer; 11 days with average wind speed greater than 10 knots each winter) 
gives an estimated 22 tonne of total phosphorus cycled into the water column 
annually from sediment resuspension.  This compares with a maximum annual rate of 
4.4 tonnes added by diffusion (Table 5.15).  Thus, sediment resuspension is an Table 5.16 : Modelled effect of wind strength on sediment resuspension in Lagoon 
of Islands.  Diagrams are given in Appendix 5.
Wind direction
Maximum operating level 
(759.40m, AMOL)
Minimum operating level 
(758.34m, NMOL)
Wind speed 
(knots)
% area 
resuspended
Wind speed 
(knots)
% area 
resuspended
Southerly 1020
>50
>66 10 >75
Westerly 1015
>50
>66 5 >75
North-westerly 1015
>50
>66 5 >75Table 5.17:  Data from wind resuspension measurements in Lagoon of Islands.
Event Turbidity increase (NTU)
Suspended 
solids increase 
(mg/L)
Calculated 
shear stress 
(N/m2)
6-7 September 2004 2.4 30 0.028
17-18 May 2004 6.8 75 0.037
8 February 2005 1.5 16 0.024
8 February 2005 0.6 7 0.038
8 April 2005 1.8 22 0.034
31 March 2005 0.8 5 0.041156
important source of total phosphorus for the water column, but only 7% of 
phosphorus in the sediments is in a form that is available to biota. 
Prolonged winds (daily average) of greater than 5 knots occur 26% of the time at 
Lagoon of Islands.  By contrast, prolonged winds greater than 15 knots occur only 
0.3% of the time.  Winds are usually strongest in September and weakest in March 
(chapter 2).  Given this, the current water management practice of filling Lagoon of 
Islands over winter and drawing it down from December onwards, whilst driven by 
irrigation demand, minimises the influence of wind-induced sediment resuspension.
5.3.3    Influence of Ripple Canal
5.3.3 (a)    Existing data
5.3.3 (a)  (i)  Fish trap data
Analysis of the fish trap data revealed strong (Pearson’s) correlations between water 
quality parameters (Table 5.18).  These were investigated using linear regression.  
Where the results of the ordinary least squares (OLS) regression showed that 10% or 
more of the data exerted a strong influence on the regression model and the residuals 
showed the model did not explain all the patterns in the data, Least Median Squares Table 5.18:  Relationships between nutrients, turbidity and total iron in inflowing 
waters.  L10 = log10 transformation on the data.  TFe = total iron.  LMS = least median of 
squares regression and OLS = ordinary least squares regression. Estimate of error = tandard 
estimate of error for LMS regression, P-values for OLS regression.. 
Model R2
Estimate of 
error
Type of 
regression
TP = 0.001(Turbidity) + 0.002 0.79 0.004365 LMS
TKN = 0.005(Turbidity) + 0.175 0.32 0.049630 LMS
L10 TFe = 0.770(L10 Turbidity) –1.078 0.55 <0.001 OLS
L10 TP = 0.543 (L10 TFe) –1.598 0.45 <0.000 OLS157
(LMS) regression was applied.  LMS is a robust regression technique which is not 
sensitive to outliers in the response (Y) direction (Das et al. 2004).  
A strong relationship (R2=0.79) was identified between total phosphorus and turbidity 
in the inflowing waters.  The relationships between turbidity and the other parameters 
and between total phosphorus and total iron were weaker but still significant 
(R2=0.45; Table 5.18), suggesting that iron, turbidity and total phosphorus interact in 
waters in Ripple Canal as suggested earlier (section 5.2.3).
The ratio of TKN:TP (NOx and NH3 were assumed to be negligible due to the high 
number of measurements below their detection limits) was calculated for all of the 
fish trap samples, and ranged between 8.1 (close to the Redfield Ratio value of 7) and 
being potentially P-limited (45.6).  The median value was 17.3 (mean 18.3), showing 
that inflows to Lagoon of Islands are usually phosphorus limited for algal growth.
5.3.3 (a)  (ii)  Longitudinal survey
A single historical longitudinal study of nutrient concentrations along Ripple Creek 
Canal (Figure 5.15) showed that total phosphorus and total Kjeldahl nitrogen 
concentrations were much greater at the ‘Ripple at Top’ and Jacks Marsh’ sites than 
along the rest of the catchment, with ‘Jacks Marsh’ the greatest source of soluble 
reactive phosphorus (Table 5.19).  About half of the total phosphorus was readily 
boiavailable (as measured by FRP) along the lower half of the Canal (downstream of 
‘Noels’; Table 5.19). 158
Figure 5.15:  Longitudinal nutrient survey, April 1999.   Size of circle represents
phosphorus concentration at each site.Table 5.19:  Nutrient concentrations from a longitudinal survey along Ripple 
Creek Canal catchment (April 1999).  The highest concentrations for each 
parameter are highlighted in bold typeface.
Site TP (mg/L)
TKN 
(mg/L)
Ammonia 
(mg/L)
Nitrate 
(mg/L)
Nitrite 
(mg/L)
FRP 
(mg/L)
Total Fe 
(mg/L)
Ripple @ Top 0.084 2.33 0.026 0.004 >0.001 0.012 1.9
Resting Reserve 0.019 0.16 0.015 0.004 >0.001 0.002 1.2
Ripple @ Poatina Hwy 0.01 0.19 0.021 0.004 >0.001 0.004 0.35
Noels @ Arthurs Rd 0.01 0.18 0.016 0.005 >0.001 0.003 0.51
Ripple @ Lake Hwy 0.011 0.16 >0.005 0.004 >0.001 0.003 0.45
Ripple Diversion 0.01 0.18 >0.005 0.004 >0.001 0.003 0.43
Noels 0.008 0.22 0.011 0.004 >0.001 0.004 0.13
Jacks Marsh 0.046 0.67 0.026 0.004 0.001 0.019 0.18
Forest Marsh Dam 0.01 0.25 0.018 0.004 >0.001 0.005 0.1
Ripple 902 145 0.012 0.31 >0.005 0.004 >0.001 0.003 0.53159
The concentration of total iron was highest in the samples from ‘Ripple at Top’ and 
‘Resting Reserve’ (Table 5.19), suggesting that a large proportion of total phosphorus 
at these sites may be bound as iron phosphates, and therefore not readily bioavailable.  
If these conclusions are confirmed by subsequent surveys, management to reduce the 
nutrient inputs from these sources should be considered.  
5.3.3 (b)    Autosampler
Samples from two storms were captured with the autosampler at Transition Inlet 
during winter 2005.  The first event triggered sampling at 5.30 am on 19 June 2005, 
however both the turbidity and flow meters failed to log.  Water level, total suspended 
solids, total phosphorus, total Kjeldahl nitrogen and soluble reactive phosphorus data 
were obtained from this event.  The absence of flow velocity data meant that nutrient 
masses moving in to Lagoon of Islands could not be estimated for the first event.  The 
second event captured was from 30 August – 2 September 2005, and all parameters 
(turbidity, total suspended solids, TKN, total phosphorus, soluble reactive 
phosphorus, flow volume and water level) were recorded.  Time series plots for 
nutrient and total suspended solids data from both events revealed very different 
patterns of behaviour (Figure 5.16, Figure 5.17).  For both storm events, sampling 
was triggered when water in the Canal reached a set height (0.57 m and 0.75 m 
respectively for the first and second storms).  Therefore, some water (of unknown 
quantity) had already passed the sampling point.
The time series plot of the first event reveals no obvious pattern in the distribution of 
nutrient concentrations (Figure 5.16).  This was the first runoff event of the season 
and so probably contained a higher proportion of nutrients and particulate matter from 160
the banks of the canal and the catchment.  However, no significant relationships were 
identified between nutrients and water clarity parameters.
A possible interpretation of the first event is based on the identification of point 
sources of nutrients in the April 1999 longitudinal survey.  An initial concentration Figure 5.16:  Variation of nutrient concentrations with time during the first flow event of 
2005.Figure 5.17:  Variation of nutrient concentrations with time during the second flow event 
of 2005.161
peak (“first flush”) may have been contained in water that went through before the 
autosampler was tripped (the first 0.57 m of channel height).  The receding limb of 
this peak is reflected in the time series for TKN.  The records also show a peak for all 
nutrient species four hours after the autosampler tripped.  This may be due to run-off 
from a high nutrient source in the catchment above Transition Inlet, or to random 
inclusion of solid material high in nitrogen and phosphorus in the sample.  The first 
explanation is considered more likely, as a peak appears at similar timing in the 
second flow event (Figure 5.17).  Further flow event and longitudinal sampling is 
needed to confirm this interpretation and identify the source.
During the second monitored event, TKN and total phosphorus concentrations 
displayed similar patterns (Figure 5.17).  Statistical relationships (Table 5.20) were 
applied to the turbidity data to enable calculation of masses of nutrient and suspended 
solids transported to Lagoon of Islands from this event (Table 5.21).  Soluble reactive Table 5.20:  Relationships between nutrients and turbidity during the second event in 
Ripple Canal.
Regression output Adjusted R2 P
L10 Turbidity = 0.436(L10 TSS) + 0.969 0.923 <0.001
L10 Turbidity = -0.424 (L10 FRP) + 0.896 0.355 <0.010
L10 Turbidity = 1.025 (L10 TKN) + 1.838 0.531 <0.001
L10 Turbidity = 0.672(L10 TP) + 2.499 0.594 <0.001
L10 TP = 1.443 (L10 TKN) - 0.971 0.897 <0.001Table 5.21:  Comparison of the mass of nutrient and solid transported to Lagoon of 
Islands during the second flood event in Canal to their estimated mass in Lagoon of 
Islands water column.  All values are in kilograms. Operational midpoint of lake (758.9m) 
was assumed. 
Parameter Event 2 Lagoon of Islands
TSS 3.48x105 8.2x105
TP 0.89 993
TKN 1.97 3.4x104
FRP n/a n/a162
phosphorus input was not calculated due to the poor fit of the model obtained from 
the OLS regression.
The suspended solids input to Lagoon of Islands from the second event was estimated 
to be 348 tonnes (using the relationship between turbidity and total suspended solids, 
Table 5.20; and the method described in section 5.2.3 (b)).  This represents about half 
the estimated annual sediment yield to Lagoon of Islands from Ripple Canal  (329 m3, 
Prosser et al 2000), which equates to 720 tonnes of sediment, assuming the density of 
clay is 2.2 g/cm3 (CRC handbook 1983).  
Throughout the first event the ratio of TKN:TP remained fairly steady (between 13 
and 20) except for three (of 24) samples for which it was below 10, suggesting 
inflows from Ripple Canal are largely phosphorus limited.  
5.3.4      Relative phosphorus residence times
The annual mean concentration of chlorophyll a (calculated for the hydrological year) 
was compared to calculated relative phosphorus residence times for 1994 - 2003.  
(There is insufficient data to calculate the relative residence time prior to 1994.)  Table 5.22:  Relative residence time of phosphorus and mean chlorophyll a 
concentration in Lagoon of Islands 1994-2003.  Years with concentration of chlorophyll 
a <8 µg/L and relative phosphorus residence time <1 are highlighted in bold typeface.
Year  τres phosphorus Chl a (µg/L) Year τres phosphorus
Chl a
(µg/L)
1994 0.17 2.05 1999 1.46 18.56
1995 0.25 6.09 2000 1.87 14.69
1996 0.64 7.82 2001 2.08 7.55
1997 1.14 12.14 2002 3.15 16.27
1998 0.55 15.81 2003 1.15 22.89163
Chlorophyll a concentrations were below values consistent with eutrophication (mean 
chlorophyll a > 8 µg/L; OECD 1982) for all years, except 2001, with a relative 
residence time of phosphorus less than one (Table 5.22).  For all years that Lagoon of 
Islands was eutrophic (chlorophyll a < 8 µg/L) the relative phosphorus residence time 
was greater than one, an indication that either internal loading was more significant 
(Janus and Vollenweider 1984) or that flushing of the lake was less effective in those 
years.  
According to equation (4), reducing relative residence times can be achieved by either 
increasing the concentration of total phosphorus in the inflows or by reducing the 
mean lake concentration of total phosphorus.  Increasing total phosphorus in the 
inflows would be inadvisable as it could change the lake from potential phosphorus 
limitation to potential nitrogen limitation and there is already sufficient phosphorus 
for blooms to occur.  Hence reducing the relative residence time of phosphorus 
requires a reduction in the mean in-lake concentration.  The simplest method to 
achieve this is flushing with inflows that are dilute in total phosphorus.  
5.3.5      Phosphorus mass-balance model
The calculated internal loads for Lagoon of Islands (using equation 5) indicate that 
the sediments behaved as a net source of phosphorus only in 2002-03 (Table 5.23).  
Inspection of the data on a finer time scale (Figure 5.18) shows the lake has had 
increasingly frequent periods and greater intensities of internal loading. Since 
eutrophication resumed in 1997, internal loading has occurred in a quasi-seasonal 
pattern, in September – December and also in March (Figure 5.18). This change in the 164
ability of the ecosystem to absorb excess phosphorus in the water column (through 
absorption by the sediments and/or consumption by biota) occurred before the decline 
in water quality and was a ‘leading indicator’ for the change to eutrophy that occurred Table 5.23:  Net internal loads, imports and exports of total phosphorus for each 
hydrological year. 
Hydrological 
Year
Net internal 
load (kg)
Mass TP 
in (kg)
Mass TP 
out (kg)
Maximum TP release 
from sediment surface 
(mg/m2)
1994-1995 -1213 1324 90 -135
1995-1996 -1361 1447 42 -151
1996-1997 -286 423 170 -32
1997-1998 -211 452 76 -23
1998-1999 -736 970 240 -82
1999-2000 -43 440 140 -5
2000-2001 -200 429 157 -22
2001-2002 -212 274 336 -24
2002-2003 4 224 134 0.4
2003-2004 -424 442 187 -47Figure 5.18:  Internal loading of total phosphorus in Lagoon of Islands (monthly). Nega-
tive values indicate the lake is acting as a sink for phosphorus.  Positive values indicate internal 
loading.165
in 1997, suggesting that the reslilience of the oligotrophic state (indicated by total 
phosphorus) was decreasing the lake was losing resilience to total phosphorus.  
The calculated inputs from Ripple Canal were greater in the oligotrophic years that 
were modelled, partly reflecting the higher inflow volumes in those years (chapter 2).  
Ripple Canal contributes an average total phosphorus load of 642 kg to Lagoon of 
Islands annually.
5.4  DISCUSSION
Total phosphorus concentrations in Lagoon of Islands are increasing (chapter 2) and 
are likely to continue increasing until the standing mass of total phosphorus in the 
lake and the external inputs of total phosphorus are reduced.  
Lagoon of Islands has experienced two periods of eutrophy and one period of 
oligotrophy (chapter 2).  The mean concentration of total phosphorus for each period 
was well below the range reported (0.05-0.10 mg/L) above which total phosphorus is 
unable to limit biomass.  However, biomass appears to have been limited by total 
phosphorus during the oligotrophic period, suggesting that the limit is somewhat 
lower in Lagoon of Islands than in the lakes reported by Robertson (1997).  Despite 
the fact that total phosphorus was not limiting phytoplankton biomass during the 
eutrophic periods, only three blooms have been recorded in the lake.  This suggests 
that some other factor restricted phytoplankton biomass following exceedence of the 
concentration at which phosphorus is limiting (ie, chlorophyll a is limited by factors 
other than total phosphorus concentration when Lagoon of Islands is eutrophic).  166
Possible limiting factors include light, trophic interactions and climatic influences.  
These drivers are investigated in the following chapter.
Benthic chamber studies show that the sediments contribute a smaller load of total 
phosphorus by diffusion (-1.4 to 4.4 tonnes/year; Table 5.24) compared with the load 
released from wind-induced sediment resuspension.  Wind-induced sediment 
resuspension is the greatest source of total phosphorus to the water column, 
contributing 22 tonnes/year (Table 5.24), which equates to 7649 kg of FRP per year 
(assuming FRP is 0.35% of the total phosphorus concentration in the sediments, 
Table 5.6).  Annual total phosphorus inputs from Ripple Canal (0.64 tonnes/year) are 
approximately half the mass of TP in the water column (assuming [TP] = 0.12 mg/L 
and operational lake-level midpoint of 758.9 m, volume = 951 ML), therefore inputs 
from Ripple Canal are also significant in maintaining the lake in the eutrophic state.
Internal loads have become increasingly important for supplying nutrients to the 
water column since the water quality in the lake declined in 1996 (Table 5.23).  
Continued phosphorus inputs from Ripple Canal offset net losses from the lake each 
year.  This has decreased the extent to which phosphorus limits algal growth, 
increasing the risk of algal blooms.  This is reflected in the modelled internal load 
within the lake.  The modelled internal loads presented indicate that Lagoon of Table 5.24:  Summary of nutrient inputs to Lagoon of Islands.
Phosphorus source Contribution to water column concentration
Diffuse sediment flux (FRP)  -0.0004 - 0.0013 mg L-1 d-1 -1.4 - 4.4 tonne/yr
Ripple Canal inputs (TP)  0.0002 ± 4.0x10-5 mg L-1 d-1 0.642 ± 0.139 tonne/yr
Wind resuspension (TP) 0.006 ± 3.0x10-4 mg L-1 d-1 22 ± 1 tonne/yr167
Islands is more susceptible to severe fluctuations in water quality between years 
depending on the net balance of total phosphorus.
The seasonality of internal loading and macrophyte senescence suggests the lake may 
be susceptible to short periods of reduced TKN:TP, which has been associated with 
algal blooms elsewhere (Harris 1994).  The increasing importance of internal loads, 
and the shift to cyanobacterial dominance, are consistent with expections of 
ecosystem behaviour under an increasing trophic gradient, as described by alternative 
stable state theory (Scheffer 1998, Scheffer et al. 2003).  
The internal loads in Lagoon of Islands are dominated by benthic release induced by 
wind resuspension.  The concentration of total phosphorus released during a wind-
resuspension event is comparable to that already present in the water column. 
Groundwater inputs of  total phosphorus are unlikely to be significant, as the 
hydrological modelling (chapter 4) suggests groundwater interactions in Lagoon of 
Islands are negligible.  The effect of the natural catchment on total phosphorus 
concentrations  was not quantified, but negligible inputs (compared with Ripple Canal 
loads and internal loads) are suggested by the distribution of total phosphorus 
throughout the surface sediments of the lake.  If the natural catchment was a 
significant source of nutrients to Lagoon of Islands,  the surface sediments near the 
inflows (from the natural catchment) should  have elevated nutrient concentrations.
It is unlikely that agricultural practices account for all of the total phosphorus entering 
via Ripple Canal, as fertilisers are applied infrequently in the catchment, with one 
major landowner (P. Downie, pers comm.) having applied fertiliser twice in the last 168
10 years.  The Canal banks are thought to be a significant source (Prosser 1998).  This 
is supported by the correlations found between total phosphorus, turbidity and total 
iron (Tables 5.17 and 5.19).  The catchment is underlain by dolerite, which is known 
to contain phosphorus (0.08 - 0.20 % P2O5, Leaman 2002).  Thus, weathering 
processes in Ripple Canal may contribute mineral forms of phosphorus to the water 
column, and require further investigation.  Other catchment-wide sources (for 
example, plant/animal remains) have not been investigated in this study, and may also 
contribute to the total phosphorus load.  The relative importance of these sources will 
increase when inputs from erosion of the Canal have been reduced, and so require 
further investigation.
5.5  CONCLUSION
The main contributors to nutrient concentrations in Lagoon of Islands are wind-
induced entrainment of sediments, sediment diffusion and external loads from Ripple 
Creek Canal.  Management actions to improve water quality and ecosystem health in 
the lake thus need to be focussed on the potential for reducing inputs from these 
sources.  169
CHAPTER SIX
OTHER DRIVERS OF 
ECOSYSTEM BEHAVIOUR
6.1    INTRODUCTION
Phytoplankton biomass was probably limited by phosphorus concentrations in 
Lagoon of Islands during the oligotrophic period (chapter 5). However, other factors 
must also influence phytoplankton biomass particularly when the lake is eutrophic 
(chapter 5), indicating a secondary control.  Trophic interactions and meteorological 
influences have been hypothesised as factors that may drive ecosystem behaviour 
when phosphorus concentration is in excess of phytoplankton requirements (chapter 
3).  
6.1.1    Influence of meteorological processes
The influence of climate patterns on terrestrial ecosystems has recently received a lot 
of attention (see Holmgren and Scheffer 2001; Holmgren et al. 2001; Scheffer and 
Carpenter 2003 and references cited within), but their influence on aquatic 170
ecosystems has not been researched as extensively.  Most of the work on freshwater 
ecosystems has been on water bodies in the northern hemisphere.
The North Atlantic Oscillation (NAO) is a recurring atmospheric pressure pattern 
which dominates winter climate variability in many countries in the northern 
hemisphere.  Recently, the influence of the North Atlantic Oscillation on freshwater 
ecosystems in Europe has been investigated (for example, Weyhenmeyer et al. 1999; 
Scheffer et al. 2001; Weyhenmeyer et al. 2002).  The result of these efforts is an 
increased acceptance that the NAO influences productivity and phytoplankton 
dynamics in European lakes. 
Several mechanisms have been hypothesised for the influence of atmospheric 
pressure oscillations on ecosystems.  Physico-chemical properties of water bodies, 
such as water temperature and nutrient concentrations, can respond to climatic 
variations (Gerten and Adrian 2001; Petterson and Grust 2002; Bouraoui et al. 2004).  
Scheffer (2001) suggested the NAO influences the timing of seasonally warmer 
temperatures in European lakes, thus affecting phytoplankton dynamics.  
Weyhenmeyer (1999) suggested the NAO influences the timing of ice break-up, 
affecting phytoplankton blooms in Lake Erken (Sweden) in spring.  Although the 
potential effects of climate variability are broad, the effects can vary dramatically 
between neighbouring ecosystems, especially if topography is variable (Gerten and 
Adrian 2001; Thresher 2002; Scarsbrook et al. 2003).
The El Niño Southern Oscillation (ENSO) is a recurring atmospheric pressure pattern 
which influences climate patterns, affecting many countries in the southern 
hemisphere.  It has a pronounced effect on Australia’s and New Zealand’s climate 171
(Sturman and Tapper 2006).  Its effect on rainfall across Australia varies between the 
positive (La Niña) and negative (El Niño) phases of the oscillation (Figure 6.1 and 
Figure 6.2).  In Tasmania, El Niño events are associated with decreased rainfall across Figure 6.1:  Winter-spring rainfall deciles across Australia during 12 El Niño events.  Image 
sourced from the Australian Bureau of Meteorology (website).Figure 6.2:  Winter-Spring rainfall deciles across Australia during twelve La Niña years.  Image 
sourced from the Australian Bureau of Meteorology (website).172
the north-east (Figure 6.1) and La Niña events result in increased rainfall across the 
state (Figure 6.2).  
The ENSO has strong effects on the dynamics of terrestrial ecosystems in Australia 
(for example, Holmgren et al. 2001; Chambers et al. 2005; Letnic and Dickman 
2006), influencing bushfire frequency (Thresher 2002), plant recruitment and 
community dynamics, terrestrial trophic dynamics, and faunal reproduction 
(Holmgren et al. 2001; Stenseth et al. 2002).  It also affects river water quality in New 
Zealand, although the effects are highly variable due to New Zealand’s topography 
(Scarsbrook et al. 2003). 
Few studies on the influence of the ENSO on dynamics in Australian freshwater 
ecosystems have been reported.  The ENSO influences fisheries off the east coast of 
Tasmania, with recruitment failure of krill resulting in food shortages throughout the 
food chain during La Niña events (Harris et al. 1992).  The only published study on 
Tasmanian freshwaters showed that the ENSO and zonal westerly winds (ZWW) 
influence recruitment of trout in Great Lake (on the Central Plateau; Harris et al. 
1988). 
PCA results (chapter 2) suggest the ENSO could influence the ecology of Lagoon of 
Islands.  Attributing causality from statistical analysis alone is problematic as 
available ecological data are confounded by the management of the lake and because 
of the complex interactions governing ecosystem dynamics.  In addition, only 16 
years of water quality and ecological data are available at Lagoon of Islands (less for 
meteorological parameters).  A minimum of 20 years of data are required to clearly 173
detect climatic variability (Blenckner 2005).  Hence the extent of the data set may 
limit the statistical analysis.
6.1.2    Influence of trophic interactions
Trophic interactions exert a strong influence on many lake ecosystems (for example, 
Carpenter and Kitchell 1993; Van der Molen and Boers 1996; Perrow et al. 1999; Van 
der Molen and Portielje 1999; Jeppesen et al. 2000; Jeppesen et al. 2005; Olin et al. 
2006).  The top level of the food chain (for example, piscivores) will predate the next 
level (for example, planktivores).  Planktivores in turn predate the following level 
(zooplankton), although the predation pressure they exert will be affected by the 
predation pressure they are subject to.  Zooplankton in turn (especially large-bodied  
organisms, such as Daphnia), graze on the phytoplankton.  Thus, in a lake dominated Figure 6.3:  The influence of trophic interactions on phytoplankton dynamics. Capitals and 
heavy lines denote dominant trophic levels in a 4-chain food-web: (a) piscivore-dominated system 
and (b) planktivore-dominated system.174
by piscivores, zooplankton will also be abundant (Figure 6.3 (a)).  In a lake dominated 
by planktivores, phytoplankton will also be abundant (Figure 6.3 (b)).
Nutrient concentrations influence phytoplankton dynamics in Lagoon of Islands, 
especially during oligotrophy (chapter 5) so there must be an overlap between nutrient 
effects and trophic effects.  Carpenter and Kitchell (1993) documented the four 
hypotheses that have been proposed for the interaction of nutrient and food-web 
effects in lakes:
1.    The nutrient attenuation hypothesis suggests there may be a threshold 
level of nutrient supply, above which grazers cannot effectively regulate 
phytoplankton abundance.  This threshold may be related to the maximum 
size of algal colonies that can be controlled by herbivores;
2.    The mesotrophic maximum hypothesis, which suggests that food web 
effects are greatest in lakes with intermediate levels of nutrient supply.  In 
oligotrophic lakes the predator-prey encounter rates are so low that food 
web effects are moot, but in highly productive lakes grazing-resistant algae 
may not be controlled by grazers (as in the nutrient attenuation hypothesis);
3.   The chain-length hypothesis suggests there is a direct relationship between 
the length of the food chain and nutrient supply.  In unproductive and 
fishless lakes (chain length 2) and in productive lakes with abundant 
piscivores that suppress planktivorous fish (chain length 4), large 
zooplankton regulate phytoplankton abundance by grazing.  In lakes with a 
chain length of three, planktivorous fish suppress zooplankton and 
phytoplankton are regulated by resource competition;175
4.    The destabilisation hypothesis suggests nutrient enrichment destabilises 
trophic interactions, but the level of nutrients that induces variability 
depends on the structure of the food web.  Food webs that foster stable 
populations of large herbivores are destabilised at higher nutrient inputs 
than are food webs that supress large herbivores.  
Fish species present in Lagoon of Islands are redfin (Perca fluviatilis), rainbow 
(Onchorychus mykiss) and brown (Salmo trutta) trout and tench (Tinca tinca).  The 
native short-finned eel (Anguilla australis) is also present.  Data from trout condition 
surveys suggest that redfin are the most abundant species in the lagoon, and that all 
fish are in poor condition.  The redfin population is thought to be dominated by small, 
stunted fish (R. Freeman, T. Farrell, Inland Fisheries Service, pers. comm.) which can 
be symptomatic of low food supply.  Results presented in chapter 2 (sections 2.5.12 
and 2.6) suggest that zooplankton grazing may be important in Lagoon of Islands.
6.2    AIMS
This chapter assesses the role of meteorological processes and top-down influences in 
driving ecosystem behaviour in Lagoon of Islands.
6.3    METHODS
6.3.1     Climatic influence on the ecosystem
The Southern Oscillation Index (SOI) was used to characterise the ENSO.  Positive 
values of the SOI are associated with a La Niña event; negative values signify the El 176
Niño phase.  The way the oscillation develops between April and September has a 
pronounced influence on winter-spring conditions (Bureau of Meteorology 2006b).  It 
is calculated as the normalized anomaly of the monthly mean sea level air pressure 
difference between Tahiti and Darwin.  Monthly values of the SOI were obtained 
from the Australian Bureau of Meteorology (Bureau of Meteorology 2006c).  These 
values have had the Troup convention (normalized index values are multiplied by 10) 
applied.  SOI data for the winter-spring months (June-November) were averaged for 
each year from 1989-2003.  
Significant relationships between ecosystem or meteorological parameters and the 
SOI were investigated further using an indicator of the gradient in sea surface 
temperature (SST) between the central Indian Ocean and Indonesia (SST1, an oceanic 
index associated with the ENSO).  The SST1 index represents the mature phase of an 
ENSO event and shows a strong correlation with the SOI (Drosdowsky and Chambers 
2001).  
The effect of climate variability on phytoplankton biomass was assessed using 
Spearman’s correlations (for non-linear relationships) and (OLS) linear regression 
(for linear relationships).  To determine the effect of the ENSO events (that develop 
during the winter) with phytoplankton biomass the following season, the relationship 
between the mean concentration of chlorophyll a for each growing season (October – 
March) and the mean SOI for each preceding winter-spring period (June-November) 
was analysed. 177
The coefficient of determination (adjusted R2) was used to indicate the strength of 
linear relationships.  Data were analysed using SPSS 12.0.1 and Systat 11.  Where 
required, parameters were transformed (log-10) to satisfy the assumption of normality 
for the regression.
6.3.2    Trophic interactions
Data on trout stockings since 1989 were obtained from Tasmanian Inland Fisheries 
Service.  These data were overlaid as spot measurements on the time series plot of 
mean monthly chlorophyll a concentration in Lagoon of Islands.
Single zooplankton samples were collected at each of the five water quality sampling 
sites in January, February, June, August, October, November and December 2006, 
using a Schindler trap.  Samples were analysed to species level by Dr Robert Walsh 
(Australian Waterlife, Melbourne).  The mean body length of each species was 
estimated for samples collected August 2006 - December 2006, by averaging the 
lengths of 10 individuals in each sample.  If the sample contained less than 10 
individuals of a species, the mean body length was the mean of all individuals 
present.178
6.3.3    Chlorophyll a model
6.3.3 (a)   General structure of the model
An ecosystem model was developed to estimate algal biomass (as chlorophyll a) and 
to investigate how underwater light climate, total phosphorus concentration and 
zooplankton grazing interact in the lake (Figure 6.4).  It was constructed from a series 
of sub-models (hydrological, chapter 4; phosphorus, chapter 5; chlorophyll a and 
zooplankton grazing) using a trial version of Stella 9.0 (Isee systems).  A sub-model 
was not created for fish as fish data for Lagoon of Islands are primarily limited to 
spawning and population estimates for brown (Salmo trutta) and rainbow trout 
(Oncorhynchus mykiss) and are infrequent and irregular on a yearly scale.  Redfin 
perch and tench are also known to inhabit the lake but their population has not been 
estimated (Rob Freeman, IFS, pers comm.).  Equations for all sub-models are 
presented in Appendix 6.
The influence of light climate, temperature and total phosphorus concentration on the 
modelled chlorophyll a concentration was assessed by changing the weighting given Figure 6.4:  Conceptual map for chlorophyll a model.  179
to the relevant parameter in the model, observing the effect of the change on the 
modelled chlorophyll a concentration and comparing with real chlorophyll a data.
6.3.3 (b)   Modelling chlorophyll a growth
The chlorophyll a model was built using the equations presented in Jørgensen and 
Bendoricchio (2001).  The general model for algae growth is:
  ..........(1)
where:
A  = algal biomass (as chlorophyll a concentration; µg/L)
µ = algal growth rate (month-1) = µmax(Tref),(f1(T).f2(I).f3(P))
r = respiration rate (month-1)
es = essudation rate (month-1)
m = non-predatory mortality rate (month-1)
s = settling rate (month-1)
G = loss due to grazing (µg chlorophyll a L-1 month-1).
µmax(Tref) is the maximum algal growth rate at a reference temperature under optimal, 
non-limiting light and nutrient availability and was obtained from Jørgensen et al. 
(2000).  f1(T), f2(I), f3(P) are correction factors for temperature, light and phosphorus 
respectively, described below.
6.3.3 (c)   Temperature sub-model
The maximum growth rate is adjusted for in situ temperature by applying a 
temperature correction factor (Jørgensen and Bendoricchio 2001):
dA
dt
------ µ r– es– m– s–( )A G–=180
..........(2)
where:
Tmin is the minimum temperature (0°C; from calibration of model) for growth 
(under which the growth is zero).
Tref = 20°C
T = water column temperature (°C).
Light limitation was modelled using a Michaelis-Menten equation which simulates 
the saturation effect of light (Jørgensen and Bendoricchio 2001):
  ..........(3)
I is the light intensity (modelled using solar radiation,W/m2, as photosynthetically 
active radiation (PAR) data not available) useful for photosynthesis at a given time 
and depth and kL is a semisaturation constant.  Light limitation has to be integrated 
over the photoperiod and over the depth of light penetration to obtain the total daily 
light available for photosynthesis (Jørgensen and Bendoricchio 2001).  kL was 
estimated from values in Jørgensen et al. (2000).  Photoperiod was inputted as a 
graphical function using data obtained from the Bureau of Meteorology.  
Light intensity (I, W/m2) at a given depth (z, m) can be modelled by Beer’s Law 
(Scheffer 1998; Jørgensen and Bendoricchio 2001):
I (z) = Io e –Ez        ..........(4)
f1 T( )
Tmin T–
Tref Tmin–
--------------------------=
f2 I( ) IkL I+
-------------=181
where I0 = light intensity at the surface = photosynthetically active radiation (PAR), z 
is the depth of light penetration (m), and E (m-1) is the vertical attenuation coefficient 
for downwelling irradiance.
Photosynthetically active radiation is comprised approximately of the visible 
spectrum of light, which accounts for about 50% of solar radiation (Kirk 1994).  This 
is represented mathematically as:
PAR = 0.5 x solar radiation  ..........(5)
Solar radiation (W/m2) is measured on site by Hydro Tasmania and was inputted in to 
the model as a graphical function.
The vertical attenuation for downwater irradiance can be estimated by (Scheffer 
1998):
E (m-1) = 0.81 + 0.016[chl a] + (0.46/secchi depth)   ..........(6)
Chlorophyll a concentration (µg/L) was inputted using a feedback loop in Stella 
(Figure 6.5).  The relationship between secchi depth (m) and turbidity (NTU; equation 
7) was used to estimate secchi depth for equation 6 from the more complete turbidity 
record, as limited secchi depth data (1993-1998) were available for the modelled 
period.
Secchi depth (m) = -1.65 Log10(turbidity) + 2.55  ………(7)
MSreg 48.42>MSresid 0.104  F ratio = 467.74182
6.3.3 (d)   Total phosphorus sub-model 
The effect of phophorus concentration, f3(P), was calculated using the statistical 
relationship between chlorophyll a (mg/L) and total phosphorus concentration (mg/L; 
equation 8).  The concentration of total phosphorus was inputted from the phosphorus 
model (chapter 5).
log10[chl a, µg/L] = 1.52 log10[TP, mg/L] + 3.61       ..........(8)
MSreg 35.92 > MSresid 0.21   F ratio = 152.04
6.3.3 (e)   Zooplankton sub-model
Changes in the zooplankton population (Z, individuals/L) are described by the generic 
equation (Jørgensen and Bendoricchio 2001):Figure 6.5:  Chlorophyll a model.  Ghosted variables (dotted circles) are directly linked to the 
variable of the same name in the sub-models.183
     .........(9)
where g is the gross growth rate (month-1), r is the respiration rate (month-1), ex is the 
excretion rate (month-1), m is the non-predatory mortality rate (month-1) and G is the 
loss rate for predation exerted by other groups of zooplankton and fish (individuals 
L-1 month-1).  No data for respiration rate, excretion rate or non-predatory mortality 
rate for zooplankton in Lagoon of Islands have been collected, although values are 
provided in Ecotox (Jørgensen et al. 2000).  Nor were data on fish biomass, 
population or predation on zooplankton available.  Hence the model was limited by 
the data available, so only the gross growth rate of zooplankton was modelled, as 
outlined below.  The output from this model was inputted to the chlorophyll a model 
to assess the effect of zooplankton growth on phytoplankton dynamics.
The dominant zooplankton in Lagoon of Islands during the period modelled were 
Bosmina meridionalis and Boeckella triarticulata (chapter 2) which are both filter 
feeders.  The growth of filter feeders was estimated by the equation (Jørgensen and 
Bendoricchio 2001):
g = Cf.F.E      ..........(10)
where Cf  is the filtration rate (volume of water filtered per mass of zooplankton in 
time), F is the food concentration (chlorophyll a, µg/L) and E is the assimilation rate 
for food (dimensionless, Jørgensen and Bendoricchio 2001).  Cf was estimated using 
values from Ecotox (Jørgensen et al. 2000):  0.2 litre/(mg dry weight*day) for periods 
when the zooplankton assemblage was dominated by calanoid copepods and slightly 
higher (0.5 litre/(mg dry weight*day)) for the periods when the assemblage was 
dZ
dt
------ g r– ex– m–( )Z G–=Figure 6.6:  Zooplankton grazing component of chlorophyll a sub-model.184
dominated by cladocerans.  The initial parameters for the gross growth rate of 
zooplankton were obtained from Jørgensen and Bendoricchio (2001).  The 
assimilation rate (E) was estimated at 0.5.  The value of the filtration parameter (Cf) 
was species dependent.  The initial value for Bosmina meridionalis was 0.9 litre/(mg 
dry weight*day) and values within the reported range (0.2-1.6 litre/(mg dry 
weight*day); Jørgensen and Bendoricchio 2001) were assessed during calibration.  
The minimum value (0.2 litre/(mg dry weight*day)) provided the best fit for the 
model.  Grazing by Boeckella triarticulata was modelled with an initial Cf value of 
3.9 litre/(mg dry weight*day).  Values within the reported range (0.1-6.0 litre/(mg dry 
weight*day); Jørgensen and Bendoricchio 2001) were used throughout the calibration 
and the best fit to the model was obtained when the Boeckella filtration parameter was 
0.5 litre/(mg dry weight*day).  
6.4    RESULTS  
6.4.1    Climate influence on the ecosystem
ENSO phases do not relate to the trophic status of Lagoon of Islands.  El Niño phases 
occurred five times when the lake was meso-eutrophic or eutrophic, and twice when 
the lake was oligotrophic (Table 6.1).  La Niña phases occurred five times when the 
lake was meso-eutrophic or eutrophic.  185
6.4.1 (a)   Impact of temperature variability associated with the 
El Niño Southern Oscillation
A weak correlation was identified between mean monthly SOI and mean water 
temperature in the growing season (Oct-Mar; Table 6.2).  The influence of the ENSO 
on water temperature was most pronounced in spring (Sep-Nov; Table 6.2).  It 
appears that the influence of the ENSO on Lagoon of Islands is more persistent than 
that of the NAO, whose effect on polymictic lakes is soon overtaken by spring 
weather conditions (Gerten and Adrian 2001).  There was not a strong correlation 
between SOI and growing season (Oct-Mar) average temperatures, suggesting that 
local conditions have a greater influence on water temperature over this period than 
does the SOI.  Table 6.1:  ENSO status and trophic status of Lagoon of Islands, 1989-2005.
Year ENSO Trophic status Year ENSO Trophic status
1989 La Niña Eutrophic 1998 La Niña Eutrophic
1990 Average Eutrophic 1999 La Niña Eutrophic
1991 El Niño Eutrophic 2000 La Niña Eutrophic
1992 El Niño Oligotrophic 2001 Average Meso-eutrophic
1993 El Niño Mesotrophic 2002 El Niño Meso-eutrophic
1994 El Niño Oligotrophic 2003 El Niño Eutrophic
1995 Average Mesotrophic 2004 El Niño Eutrophic
1996 La Niña Mesotrophic 2005 Average Eutrophic
1997 El Niño Meso-eutrophicTable 6.2:  Statistical results for El Niño Southern Oscillation indicators with solar radia-
tion and chlorophyll a.  R2 indicates linear regression and ρ = Spearman’s correlations.
Parameters Regression/Correlation
SOI (indep) and yearly aggregate solar radiation (dep) R2 = 0.76, P<0.05
Growing season solar radiation (indep) and growing season 
chlorophyll a (dep)
R2 = 0.44, P<0.075
SST1 (indep) and yearly aggregate solar radiation (dep) ρ = -0.60, P<0.5
SOI and growing season water temperature ρ = 0.339, P<0.5
Growing season water temp and growing season chlorophyll a ρ = 0.088, P<1.0
SOI and winter-spring water temperature ρ = 0.540, P<0.05186
There is no relationship between the temperature of the water column and the 
concentration of chlorophyll a, suggesting that phytoplankton growth is not triggered 
by the onset of warmer temperatures during spring.  This is supported by inspection of 
the time series for chlorophyll a, which shows that chlorophyll a peaks have not been 
confined to particular seasons over the last 15 years (Table 2.7).  Hence, the 
relationship between the ENSO and water temperature does not translate to an 
influence on chlorophyll a biomass.
6.4.1 (b)   Impact of rainfall variability associated with the El 
Niño Southern Oscillation
Decreased winter-spring rainfall is expected at Lagoon of Islands during negative 
phases of the southern oscillation (Figure 6.1) and increased winter-spring rainfall 
during the positive phase (Figure 6.2).  No significant variation in summer rains is 
expected (Bureau of Meteorology 2006a).  Correlations between the SOI and rainfall 
were weak and not significant (Table 6.3).  Thus local conditions are more significant 
than the southern oscillation in determining rainfall patterns at Lagoon of Islands.Table 6.3:  Correlation between SOI and rainfall.
Parameters Correlation
SOI, winter-spring rainfall r = -0.25, P>0.5
SOI, growing season rainfall r = 0.25, P>0.5187
6.4.1 (c)   Impact of solar radiation variability associated with the 
El Niño Southern Oscillation
Statistical analysis confirmed a positive relationship between (yearly aggregate) 
short-wave solar radiation and the Southern Oscillation Index (Table 6.2), indicating 
that less light energy reaches the lake during El Niño events.  This is supported by the 
SST1 El Niño indicator (Table 6.2).  A significant weak relationship was also 
identified for solar radiation and the biomass of phytoplankton (chlorophyll a).  
Hence it appears there may be a link between El Niño indicators, solar radiation and 
the biomass of chlorophyll a.  No significant relationship was obtained between water 
temperature and chlorophyll a (Table 6.2), so any effect of the ENSO on 
phytoplankton biomass is more likely to be mediated by light availability than by 
temperature.
6.4.2    Trophic interactions
Trophic cascade theory predicts that zooplankton will be abundant in a lake that is 
dominated by piscivores (Figure 6.3), and that the assemblage will be dominated by 
large-bodied species (Carpenter and Kitchell 1993).  Zooplankton diversity in Lagoon 
of Islands was greatest when Daphniidae were present (chapter 2), and the 
assemblage was dominated by cladocerans throughout the period of oligotrophy 
(Table 6.4).  
During 1997 there were three stockings of trout in Lagoon of Islands (January, 
November and December; Table 6.5).  These stockings coincide with the time that 
phytoplankton biomass in the lake returned to eutrophic proportions (Figure 6.7) and 188
Table 6.4:  Zooplankton dominance in Lagoon of Islands, September 1992 - February 
2001.
Dominant zooplankton Time
Calanoid copepods September 1992 - December 1992
Cladocerans January 1993 - May 1994
Daphniidae June 1994 - November 1995
Cladocerans January 1996
Daphniidae March 1996 - April 1996August 1996 - February 1997
Cladocerans 24 March 1997
Daphniidae June 1997 - January 1998
Cladocerans November 1998 - December 1998April 1999 - June 1999
Calanoid copepods and cladocerans October 1999 - February 2001Table 6.5:  Zooplankton species diversity and mean density of pelagic zooplankton during 
the Synechocystis sp. bloom in Lagoon of Islands.  Mean density is number of zooplankton 
individuals/L.
Sample date No. of species Mean density
5 January 2006 1 6
6 February 2006 2 1
7 June 2006 4 5
22 August 2006 3 0.6
11 October 2006 6 3
28 November 2006 5 3
20 December 2006 7 8Figure 6.7:  Timing of trout stockings overlaid on chlorophyll a concentration.189
Daphniidae were not present in the zooplankton assemblage from 20 Dec 1998 until 
February 1999 (Table 6.8 and Figure 6.7).  This suggests that predation of 
zooplankton by juvenile fish in the lake in 1997 may have been sufficient to cause a 
change to the turbid state.  Since December 1996, the concentration of chlorophyll a 
in the lake has rapidly increased in December each year (Figure 6.7).  This timing 
coincides both with the time that the lake is usually stocked with trout, and with the 
time that the density of juveniles from the wild fish population is thought to be Table 6.6:  Zooplankton densities from other Australian lakes (mean individ/litre ± std dev)
Lake Zooplankton density No. species Source
Lagoon of Islands (2006 data) 4 ± 3 11 This study
Colac, Modewarre, Bolac & 
Tooliorook (Vic, Australia) 50-370 not given Khan 2003
Lake Crescent (Tasmania) 215 ± 197 7 Burrows 1968
Lake Sorell (Tasmania) 18 ± 7 9 Burrows 1968Table 6.7:  Mean body length of zooplankton in Lagoon of Islands, August - December 
2006.  All measurements are in µm, ± standard deviation. 
Sample date Mean body length (all species)
Mean crustacean 
body length
22 August 2006 628 ± 131 678 ± 148
11 October 2006 596 ± 268 468 ± 137
28 November 2006 441 ± 82 405 ± 168
20 December 2006 412 ± 160 373 ± 88Table 6.8:  Stocking history of Lagoon of Islands, 1989 – 2006.  Data courtesy IFS.
Date of stocking Number Age
17 May 1992 4000 Fingerling
10 Dec 1994 4000 Fingerling
18 Dec 1995 4000 Fingerling
30 Jan 1997 4000 Fingerling
18 Nov 1997 3000 Yearling
11 Dec 1997 25000 Advanced Fry
3 Dec 1998 5000 Fingerling
3 Jan 2000 5000 Fingerling
21 May 2003 2000 Adult
28 Jul 2004 2500 Yearling
29 Aug 2005 6000 Yearling
6 Dec 2005 20000 Fingerling190
greatest (R. Freeman, IFS, pers. comm.) and suggests that trophic interactions may be 
significant when phosphorus is not limiting phytoplankton biomass in the lake.
Pelagic sampling of zooplankton (following discovery of the 2006 Synechocystis sp. 
bloom) identified a monospecific assemblage of Bosmina meridionalis.  Species 
diversity increased throughout the year (Table 6.5).  The number of species currently 
present in Lagoon of Islands is consistent with that for Lakes Sorell and Crescent, the 
only other Australian alpine lakes for which data have been published (Hardie 2003).  
The density of zooplankton in Lagoon of Islands is considerably lower than other 
Australian lakes for which pelagic data are available (Table 6.6), including eutrophic 
Lake Sorell.  The mean body length of zooplankton decreased in spring and early 
summer (Table 6.7), possibly reflecting the influence of predation by juvenile fish (Dr 
R Walsh and Dr V Matveev, pers comm.), and providing further evidence for the role 
of trophic interactions in Lagoon of Islands.
6.4.3    Chlorophyll a model
6.4.3 (a)   Optimising the model
The settling rate and essudation rate for algae were initially estimated from Ecotox 
(Jørgensen et al. 2000) at 0.4 m/day and 0.09 m/day respectively.  These parameters 
were combined as inputs to the model (Figure 6.5).  Model calibration identified a 
combined factor of 0.35 m/day for these parameters as providing the best fit of the 
model to real chlorophyll a data.191
The maximum algal growth rate, µmax ranges between 0.7 – 2.1 day-1 for green algae 
at a reference temperature of 20°C (Jørgensen et al. 2000).  Initially the midpoint of 
this range (1.4 day-1) was used for chlorophyll a simulations and a final maximum 
growth rate of 0.8 day-1 was identified from the calibration.  
The half saturation constant for light, kL, was estimated at 20.92 watts (Jørgensen and 
Bendoricchio 2001).  Altering this value failed to improve model fit.
6.4.3 (b)   Comparison of modelled and actual chlorophyll a 
concentration
The model did not accurately predict chlorophyll a concentration over the whole 
period modelled, and there are some peaks in measured chlorophyll a concentration 
that do not appear in the modelled concentration (Figure 6.8).  The failure of the 
model to accurately predict the concentration of chlorophyll a is probably due to the Figure 6.8:  Comparison of actual and modelled chlorophyll a.  Modelled chlorophyll a 
concentrations showing the influence of light (--∆--) and total phosphorus (----) are given.  (Real 
Chla is the real data obtained from the water quality monitoring program.)192
difficulties encountered in modelling the zooplankton and fish dynamics in the 
ecosystem.  The model usually predicts that the concentration of chlorophyll a will 
crash when zooplankton biomass increases significantly.  This is the result of being 
unable to accurately assess fish biomass in the lagoon, and thus the predation pressure 
on the zooplankton.  Despite the inability of the model to accurately simulate 
chlorophyll a concentration over the period on record, the model still provides 
insights into the phytoplankton population dynamics.  
6.4.3 (b)  (i)    The effect of varying light intensity
The timing of some of the chlorophyll a peaks (real data) coincided with those 
predicted from increased weighting of light limitation in the model (Figure 6.8).  
These include early 1998, 1999, 2000 and 2001 and possibly July 2004.  The model of 
light limitation shows the same general trend in chlorophyll a dynamics as the real 
data, although the small-scale variability is not reflected and the simulated 
chlorophyll a concentration crashes when the zooplankton biomass becomes too high. 
6.4.3 (b)  (ii)    The effect of varying total phosphorus 
concentration
The effect of increasing the weighting of total phosphorus suggests that the 
phytoplankton biomass was limited by phosphorus availability between April 1994 
and April 1995 (as the modelled chlorophyll a concentration is similar to the 
measured chlorophyll a concentration over this period, Figure 6.8).  Smaller periods 
of phosphorus limitation are suggested between January and June 1997. The model 
results suggest that phosphorus and light are capable of limiting phytoplankton 
biomass and directing the timing of phytoplankton peaks.193
6.4.3 (b)  (iii)  The effect of varying grazing pressure
Changing the weight given to grazing in the model only influenced the magnitude 
(not the timing) of phytoplankton biomass.  Increasing the grazing pressure caused 
the chlorophyll a concentration to decline.  This suggests that factors other than 
zooplankton grazing are important for determining the timing of phytoplankton 
population peaks, but that grazing can limit the biomass of phytoplankton.
6.5    DISCUSSION
Any influence of the ENSO on phytoplankton dynamics in Lagoon of Islands is likely 
to be mediated through solar radiation rather than temperature or rainfall.  This is 
suppported by the chlorophyll modelling results, which show light is capable of 
influencing the magnitude and timing of some phytoplankton peaks.  Changes in 
cloud cover and/or cloud type associated with the phases of the ENSO could affect 
solar radiation at the surface.  
Solar radiation at Lagoon of Islands is influenced by the ENSO, but the influence of 
solar radiation on phytoplankton biomass is weak (R2 = 0.44, Table 6.2).  This may be 
because phytoplankton biomass is also influenced by other factors such as nutrient 
availability and zooplankton grazing.  
A minimum of 20 years of data are required to clearly detect climate variability 
(Blenckner 2005), but only 13 years of meteorological data are available.  As a result, 
some climatic influences on ecosystem processes may have been missed; those 
identified may be stronger or weaker over time than currently estimated; or cyclical 
processes (especially on decadal or greater timescales) may have been missed.  194
Modelling results suggest that both phosphorus and light have the capacity to limit 
phytoplankton growth and influence the timing of phytoplankton peaks.  However, 
the model is limited by the lack of fit between measured chlorophyll a concentration 
in the lake and the modelled concentration.  Time series data on fish populations, and 
the predation of fish on zooplankton, is required to improve the accuracy of the 
model.  Further measurements of model parameters (for example, essudation, 
respiration, non-predatory mortality rate and settling rate of algae; grazing pressure 
on algae by dominant zooplankton in Lagoon of Islands; gross growth rate, 
respiration rate and excretion rate of zooplankton) may also be required to further 
improve model fit.  Improving the model will help to identify which of Carpenter and 
Kitchell’s (1993) four mechanisms describes the interaction between nutrient 
limitation of food-web effects in Lagoon of Islands.
6.6    CONCLUSIONS
The El Niño Southern Oscillation has a weak influence on phytoplankton dynamics in 
Lagoon of Islands, through its influence on solar radiation (and thus light 
availability).
Modelling results indicate that both phosphorus and light have the capacity to limit 
phytoplankton growth and influence the timing of phytoplankton peaks.  These results 
support results from the previous chapter, which suggest that phosphorus provides the 
primary control of phytoplankton biomass, indicated by the relationship between total 
phosphorus and chlorophyll a during the oligotrophic period.  Historical data suggest 
predation on zooplankton by juvenile fish may have been important during the switch 
back to eutrophy in 1997.195
The interaction between total phosphorus limitation, light limitation and biota 
(zooplankton grazing) control of phytoplankton biomass appears to be hierarchical, 
with phosphorus limitation the primary control (supported by results in chapter 5 and 
modelling results), and light limitation and zooplankton grazing only of importance 
(in controlling phytoplankton biomass) when total phosphorus is not limiting.  Light 
limitation appears to be short-lived, probably due to frequent mixing of the water 
column (for example, by wind).  196
CHAPTER SEVEN
CONCLUSIONS AND 
RECOMMENDATIONS
7.1    REVIEW OF CONCEPTUAL MODEL AND 
CONCLUSIONS
Lagoon of Islands lies in a geomorphologically uniform lake basin and is not subject 
to significant erosion (chapter 4).  The morphology of the lake makes it susceptible to 
wind resuspension under the current lake level operating range.  
The major ions in Lagoon of Islands are dominated by calcium 
(Ca2+>Mg2+=Na2+>K+) and bicarbonate (HCO3->Cl->SO42-).  This composition is 
more akin to New Zealand lakes than to other Tasmanian or mainland freshwaters 
(chapter 2).  The low ionic concentration means that the pH of the water column is 
susceptible to fluctuations in the carbon dioxide/carbonate equilibrium caused by 
phytoplankton productivity.197
Hydrological modelling confirmed that Lagoon of Islands can be represented by a 
simple box model, with one main inflow and outflow.  Any groundwater exchange 
with the water column appears to be small.
Ripple Canal plays an important role in the hydrology of Lagoon of Islands, 
supplying an (annual) average of 0.40 lake volumes to the lake (chapter 2).  This 
water has also added a significant mass of total phosphorus over the 22 years since the 
Canal was commissioned.  It was significant in the phosphorus dynamics of Lagoon 
of Islands prior to 1998, contributing to the lake turning eutrophic.  The ecosystem 
‘absorbed’ the phosphorus from the Canal following a change in the operation of 
water levels (1992) to promote the growth of macrophytes (Triglochin procerum) and 
reduce phosphorus residence times (Nazarov and Sanger 1992), and the lake switched 
to the oligotrophic state.  With time, the capacity to do this slowly reduced as the lake 
reached its carrying capacity of Triglochin, and phosphorus accumulated in the 
sediments; the concentration of total phosphorus increased, and the lake returned to 
eutrophy.  Internal loading of phosphorus, caused by wind resuspension, is now the 
primary source of phosphorus to the water column, and reinforces the stability of the 
eutrophic state.  
Most of the phosphorus in Lagoon of Islands is present in organic forms, which are 
not readily bioavailable (chapter 6), and it is expected there is a large mass of 
phosphorus stored in the biota of the lake (although this store has not been 
quantified).  Cycling of phosphorus in aquatic ecosystems is fast:  total phosphorus 
can be converted into bioavailable forms almost as required by the biota (Reynolds 
1997) .  The historically low concentration of reactive phosphorus suggests that 198
reactive phosphorus is rapidly consumed as it becomes available.  Therefore, it is 
important that residence times of phosphorus in the lake are short, to minimise the 
opportunity for total phosphorus to be converted to bioavailable forms and become 
involved in the nutrient cycling processes in the lake.  The influence of the 
macrophyte crop on nutrient concentrations in the water column of the lake is only 
evident in the seasonal spike in ammonia caused by macrophyte senescence, and it is 
thought that the macrophytes probably sequester other nutrients in below-ground 
tissue prior to senesence.  
Nutrient dynamics in Lagoon of Islands are dominated by internal loads, with wind 
resuspension the major source of total phosphorus.  Diffusion from the sediments is 
less important.  Ripple Canal is a significant external source, which contributed to the 
lake becoming eutrophic.  
Phosphorus is the primary factor restricting the productivity in Lagoon of Islands.  
Thus, if phosphorus is below the concentration at which it is saturating, the 
productivity of the ecosystem is restricted, and other limiting factors (light and 
zooplankton) do not come in to play.  The role of fish and zooplankton in the nutrient 
dynamics of the ecosystem remains to be investigated further.
Historical data and model results suggest that zooplankton grazing and light limitation 
restrict primary productivity when nutrient concentrations are high, although 
(according to the chlorophyll model) neither will always restrict primary productivity 
under such conditions.  Zooplankton grazing appears to influence the magnitude, but 
not the timing, of phytoplankton peaks.199
Climate has a strong influence on the dynamics of the ecosystem, through the effect 
of wind on sediment resuspension.  The ENSO has a small influence on the ecosystem 
through the effect of solar radiation on light limitation of productivity (when the lake 
is eutrophic).  It does not influence the strength of winds at the lake (Spearman’s 
correlation SOI and windspeed = -0.29, P>0.10).
Lagoon of Islands is subject to alternative stable states, with evidence of three 
eutrophic (turbid) states (two algal-dominated and one cyanobacterial-dominated) and 
one oligotrophic (clear water) state over the past 17 years.  It changed from an algal-
dominated turbid state to a cyanobacterial-dominated turbid state between 1999 and 
2006 as the trophic gradient in the lake increased, consistent with the theory 
describing alternative stable states (Scheffer 1998).  Therefore, Lagoon of Islands 
passed through an algal-dominated turbid regime before it reached the cyanobacterial-
dominated regime.  Whether this will be the case in the reverse direction will  be 
known when the trophic status declines sufficiently that a backward ‘switch’ to either 
the algal or clear water state occurs.
It is possible to restore Lagoon of Islands to oligotrophy.  Lagoon of Islands displays 
behaviour consistent with alternative stable states.  The lake is currently (2007) in a 
cyanobacterial-dominated turbid state.  Productivity in the lake appears to be subject 
to a hierarchy of controls:  total phosphorus is the primary control, and light and 
zooplankton are secondary controls.  The El Niño Southern Oscillation has a weak 
influence on ecosystem dynamics, through its effect on solar radiation, and thus light 
availability.  The concentration of total phosphorus needs to be reduced to return the 
lake to a stable clear-water state.  200
7.2    RECOMMENDATIONS FOR FURTHER WORK
Analysis of the available data suggest that phosphorus is the nutrient most likely to 
restrict phytoplankton biomass in Lagoon of Islands. This could be confirmed 
experimentally using bioassays and incubations with varying nutrient concentrations.
Phosphorus inputs to, and losses from, the ecosystem have been quantified in this 
study, but not the phosphorus stored in the biota of the lake.  Fish and zooplankton are 
thought to excrete large masses of phosphorus in readily bioavailable forms (Vanni 
2002).  Readily bioavailable phosphorus is usually measured as soluble reactive 
phosphorus (FRP; Scheffer 1998), and is usually below the analytical detection limit 
(0.002 mg/L) in Lagoon of Islands.  It is possible that there are patterns in the release 
of phosphorus, especially FRP, from fish and zooplankton that cannot be detected 
because the phosphorus is rapidly assimilated by other biota.  These patterns could be 
elucidated using phosphorus tracers.  Quantifying the phosphorus mass within, and 
excretion rates from, the biotic pools (reed mat, macrophytes, fish, zooplankton and 
phytoplankton) is needed before the phosphorus speciation and cycling processes can 
be fully understood, and is likely to reveal further information on the relationship 
between consumers and primary producers in the lake. 
Light limitation is one secondary control of phytoplankton biomass under certain 
conditions, when the concentration of total phosphorus is too great to be limiting.  
The conditions under which light provides the secondary control, and under which 
grazing is the secondary control, are not understood.  Understanding this is important 
for managing the lake.  For example, a phytoplankton bloom could occur if temporary 
baffles were installed to reduce wind resuspension, if it was the case that turbidity 201
generated by wind resuspension increased light availability, which was the limiting 
factor of primary productivity prior to the baffles being installed.  Light could also be 
a tertiary control in conditions where total phosphorus and zooplankton grazing have 
failed to limit biomass, and the high algal biomass causes light limitation through 
self-shading (Istvanovics 1994).  Modelling the dynamics of the current bloom in 
Lagoon of Islands could indicate the phytoplankton biomass required for this to 
happen.  Further work is required to understand the influence of light on 
phytoplankton:  what are the conditions that cause light limitation of phytoplankton 
biomass?  What effects do light limitation and turbidity have on macrophyte 
recruitment and growth?
Strong (wind resuspension) and weak (ENSO) effects of climate on the aquatic 
ecology of Lagoon of Islands have been identified.  However, long-term climatic 
effects may have been missed (chapter 6).  It is recommended that meteorological 
data continues to be collected at Lagoon of Islands (in conjunction with physico-
chemical and biological data), and that statistical relationships in the data set are 
reviewed when sufficient additional meteorological data has been collected (ie after 
2013).
Food web interactions are the other secondary control of phytoplankton biomass.  The 
extent that grazing controls phytoplankton biomass, and the extent of predation on 
zooplankton by fish, need to be better understood.  In addition, understanding when 
grazing fails as a control of phytoplankton biomass will help Hydro Tasmania to 
predict when the lake is susceptible to blooms, and may reveal preventative 
management actions.  Regular monitoring of the zooplankton, phytoplankton and fish 202
populations (species assemblages and abundances, and also size classes of fish) is 
required, and experimental techniques including gut contents analysis, mesocosm 
studies and laboratory trials will allow food web interactions can be assessed.
In August 1999, and again in January 2006, phytoplankton were dominated by 
cyanobacteria.  It is not known whether 1999 marked a transition between algal and 
cyanobacterial dominated states.  Understanding the transition between these states in 
Lagoon of Islands is hampered by gaps in the phytoplankton data (1999-2006).  The 
samples for this period were collected by Hydro Tasmania but not analysed, and 
analysis of these samples fell outside the scope of this study.  It is recommended these 
samples are analysed so it can be determined:
*     when the change from algal to cyanobacterial alternative states occurred;
*     whether there were seasonal transitions between algal and cyanobacterial 
dominance prior to the change between states occurring; and if so, what 
patterns there were;
*     whether there are indications of a change in phytoplankton species 
dominance within each state (algal and cyanobacterial) as the trophic 
gradient increased.
Gaps in phytoplankton and zooplankton data mean that their interactions during the 
transition from the algal to cyanobacterial dominated state cannot be studied.  
Identifying the dynamics of these two populations during this period is critical to 
understanding why the switch occurred, and is important for rehabilitating the lake.
The interaction between nutrients, light and grazing influences on phytoplankton 
biomass was investigated by modelling the concentration of chlorophyll a (chapter 6).  
The model relied on theoretical relationships obtained largely in the northern 203
hemisphere, and it was necessary to assume that these relationships hold for shallow 
lakes in the southern hemisphere.  It is recommended that further work is conducted 
to refine the model, by collecting data for use in the model to reduce the reliance on 
theoretical relationships including:  measurements of light attenuation in the water 
column;  measurements of key zooplankton properties, including gross growth rates, 
respiration rates, excretion rates, non-predatory mortality rates and losses due to 
predation by other zooplankton and fish;  data on the population size and composition 
of fish in Lagoon of Islands, including estimates of juveniles and “pest” species for 
which data are not already collected (for example, redfin perch and tench).
The modelling results suggest that when the change from oligotrophy to eutrophy 
occurred, limitation of phytoplankton biomass changed from total phosphorus to 
grazing and light availability.  Understanding the interaction between nutrient and 
food-web effects in the lake is critical to understanding how a switch between states 
might occur, in both the forward and reverse directions.  This has implications for the 
rehabilitation of Lagoon of Islands to a clear water state. 
Lagoon of Islands needs to oligotrophic to meet the needs of downstream users.  
However, it is possible that eutrophic stable states are a long-term feature of Lagoon 
of Islands and therefore trying to manage the lake for long-term oligotrophy may be 
unrealistic.  The converse may also be true.  A good example of this is a recent study 
on the Gippsland Lakes in Victoria, which shows that ‘nuisance’ algal blooms have 
been a long-term feature of the lakes sine well before the period of human settlement 
(Saunders et al. in press).  A palaeolimnological study of the lake would allow a 204
reconstruction of the long-term (Holocene) trophic status of the lake and its nutrient 
status prior to contact with Europeans.  
7.3    MANAGEMENT RECOMMENDATIONS
7.3.1    The argument for rehabilitation
Lagoon of Islands is currently in the cyanobacterial dominated state.  The lake needs 
to be returned to an oligotrophic, clear-water state if it is to provide water suitable for 
the domestic needs of downstream users.  This research indicates it is possible to 
return the lake to a clear water state, and targets for chlorophyll a, turbidity, total 
phosphorus and total Kjeldahl nitrogen have been identified to achieve this based on 
alternative state theory (chapter 5).  Howwever, the methods required to return the 
lake to oligotrophy are likely to be expensive, and elsewhere the results from such 
efforts have not lasted (for example, Jeppesen et al. 2007, Søndergaard et al. 2007, 
Moss 2007, Cooke et al. 2005, Gulati and van Donk 2002).  Therefore, multiple 
interventions may be required over the long-term to achieve this aim, and each 
intervention brings a risk that unforeseen damage could be done to the ecosystem.
Over the 44 years since the dam was constructed, Lagoon of Islands has been a multi-
use waterbody.  It has been prized as a trophy trout fishery, supplied domestic and 
irrigation water to downstream users, and supported a commerical eel fishery.  All of 
these user groups would like to see the lake restored to good ecological health to 
satisfy their interest in the lake.  205
However, recolonisation of the lake by one of the original elements of the ecosystem 
(Baumea arthrophylla), observed during this study, suggests it is possible to re-create 
the island-forming process that created the unique vegetation communities from 
which the lake gets its name (Tyler 1976a, b; Maxwell and Tyler 2006).  The pre-dam 
ecosystem was the only floating island system in Australia whose islands formed 
using a Schwingmoore, and the islands were colonised by a range of endemic plants 
(Tyler 1976a, Tyler 1976b).  Therefore, it was considered unique.  Rehabilitating 
Lagoon of Islands as closely as possible to its pre-dam ecosystem is both possible and 
intellectually appealing (Maxwell and Tyler 2006).  In doing so, it is expected that 
nutrient concentrations in the lake will reduce as they are sequestered by the mass of 
macrophytes that will with time cover the lake.  If Hydro Tasmania choose this 
option, they elect a sustainable, long-term option for managing nutrient 
concentrations in the lake, and symbolically acknowledge some of their historical 
environmental mistakes.
Two long-term options for the management of Lagoon of Islands are available to 
Hydro Tasmania.  The immediate management decisions required for each option are 
opposing:  one requires the water level to be maintained no higher than the current 
level (April 2008) resulting from the drought in the region; the other requires the lake 
to filled to to a minimum of 759.0 m.  Hydro Tasmania must decide between these 
two management options.206
7.3.2    Managing phosphorus in Lagoon of Islands
The underlying cause of eutrophication must be addressed to achieve a stable clear 
water state in the lake.  Two sources contribute a large mass of total phosphorus to the 
water column.  These inputs need to be reduced to achieve the target (annual mean 
concentration) of 0.014 mg TP/L.  
7.3.2 (a)   Internal loads
 Internal loads, from wind-induced sediment resuspension, are the greatest source of 
total phosphorus to the water column (chapter 5).  Internal loads have elsewhere been 
shown to delay recovery of lakes (following reduction in external nutrient inputs), 
usually by 10-15 years (Jeppesen et al. 2005, Jeppesen et al. 2007).  Therefore, it is 
likely that internal loads will delay recovery of Lagoon of Islands when inputs from 
Ripple Canal are reduced.  Reducing internal loads requires reduced sediment 
entrainment by wind resuspension. 
Increasing the operating levels of the lake is one way to reduce the frequency of wind 
resuspension.  However, the maximum operating level of the lake cannot be increased 
because wave action at the higher lake level would erode the sand dunes on the 
eastern shore of the lake, threatening evidence of Aboriginal occupation contained 
within them.  Additionally, increasing the maximum operating level of the lake would 
reduce the frequency of resuspension under strong winds, which occur much less 
often than winds sufficient to cause wind resuspension when the lake is at its 
minimum. 207
The residence time of total phosphorus in the water column is a balance between the 
mass of phosphorus lost from the lake each year (through the outflows) and the input 
of phosphorus from the sediments through wind resuspension and from Ripple Canal.  
Increasing the minimum operating level by 0.5 m (new minimum operating level = 
758.84 m) would reduce the area of sediment resuspended by a 5 knot (2.57 m/s) 
wind by two-thirds, resulting in a total annual reduction of wind resuspension inputs 
of one-third.  However, it would also halve the effective storage volume of the lake 
and the annual outflow (from 9160 ML to 4839 ML discharged), so the mass of 
phosphorus lost from the lake through outflows would be half the mass that would be 
lost with the current minimum operating level (758.34 m), so the hydrological 
residence time would increase.   Therefore, lake levels should continue to be managed 
for short water residence times, and no change to the current minimum and maximum 
operating lake level is recommended if the lake is to be retained as a seasonal storage 
in the hydro-electric system.   
Macrophytes provide many positive effects in shallow lakes:  they shade 
phytoplankton, store nutrients, reduce turbidity through reducing wind resuspension 
(as their rhizomes bind the sediments together and their leaves can disrupt the fetch 
and reduce water turbulence) and can provide a predation refuge for zooplankton.  
Therefore, the growth of macrophytes in Lagoon of Islands should be encouraged.  
The current lake level operating range is suitable for the growth of Triglochin 
procerum and Baumea arthrophylla, but the current maximum operating level 
(759.40 m) is at the upper end of the water-depth range tolerated by these 
macrophytes (Rea and Ganf 1994a, 1994b). If the lake is retained in the hydro-electric 
system, it is recommended that the lake does not exceed the current maximum 208
operating level (759.40 m) and is quickly emptied to 759.40 m if this level is 
exceeded.
7.3.2 (b)   External loads
This study identified Ripple Canal as the most significant point-source of total 
phosphorus and total suspended solids to Lagoon of Islands.  Reducing nutrient loads 
from Ripple Canal could remove over half a tonne of TP currently added to the lake 
annually.  If Hydro Tasmania decide to rehabilitate Lagoon of Islands to its pre-dam 
condition, Ripple Canal should be decommissioned.  Alternatively, if Hydro 
Tasmania decide to retain Lagoon of Islands as part of the hydro-electric system, 
remediation of Ripple Canal is the most effective way to decrease the phosphorus 
concentration in the water column as internal loads are expected to persist following 
remediation of the Canal.  The inflowing water will more effectively dilute the total 
phosphorus in the water column of the lake, hastening its recovery.  However, further 
work is required to quantify the relative phosphorus contributions of diffuse 
(catchment wide) sources, dolerite weathering and erosion of the Canal banks, so that 
appropriate remediation measures can be identified.
7.3.2 (b)  (i)      Interim management of Ripple Canal
The first flush of water down Ripple Canal will continue to be nutrient rich and high 
in suspended solids until the Canal banks successfully stabilised.  Current 
management of the Canal (first flush through to Woods Lake) exposes Woods Lake to 
risk of eutrophication.  A recent study to assess the risk of eutrophication in Woods 
Lake shows the lake is still able to absorb total phosphorus (Gartenstein and Maxwell, 209
2006).  Therefore, it is recommended that this practice continue — as an interim 
measure — until Ripple Canal is decommissioned or remediated.
Sediment traps in Ripple Canal collect large particulates suspended in water, but are 
poorly maintained.  Routine cleaning of the traps will reduce the suspended solids 
load into the lake and therefore the load of adsorbed phosphorus.  It is recommended 
that the sediment traps are emptied annually (before the new season’s rains are 
expected), and that the sediment is removed from the site so it cannot be washed in. 
7.3.3    Managing phytoplankton biomass in Lagoon of Islands
The secondary controls (light and zooplankton) have the greatest potential to limit 
phytoplankton biomass until the target total phosphorus concentration is achieved.  
Light limitation of phytoplankton biomass would be difficult to induce, especially if 
the frequency of wind resuspension is reduced.  Therefore, zooplankton grazing is 
likely to be the most effective control of phytoplankton in the interim.  It is 
recommeded that further work is conducted to assess the role of top-down control 
(section 7.2).  If this confirms top-down control is significant, biomanipulation of the 
food chain by dramatically reducing the fish population, and not introducing fish, 
(thereby allowing zooplankton abundances and diversity to increase) could prevent 
the occurrence of blooms over the short-term.  Biomanipulation of the food chain 
through fish harvesting has proved to be successful in reducing phytoplankton 
biomass elsewhere (for example, Meijer et al. 1999; Olin et al. 2006) and may 
provide a short-term solution to elevated phytoplankton biomass in Lagoon of Islands 
until nutrient concentrations are reduced.  Biomanipulation of Lagoon of Islands will 210
not address the fundamental cause (elevated TP) of eutrophication in the lake.  
Therefore, management of lake levels to reduce the internal loads and remediation of 
Ripple Canal are also needed.  Further work to confirm the role of grazing must be 
conducted before biomanipulation can be considered.  In the interim, it is 
recommended that active fish stocking cease until food-web interactions in Lagoon of 
Islands are better understood.
7.3.4    Monitoring the health of Lagoon of Islands
Since 1989 a water quality monitoring program has been in place at Lagoon of Islands 
(chapter 2).  Reporting has often failed to provide ecological interpretation, and 
managers have had to make decisions based on tables of raw data and annual time 
series plots.   The monitoring program needs to be reviewed regularly to ensure the 
program is consistent with management goals for the lake. 
Managers should be notified of ecological risks (for example, toxicity, fish kills) as 
they occur.  Bi-monthly reports should document any unexpected results over the 
reporting period.  Annual reports should discuss changes in parameters known to 
drive ecosystem behaviour.  Phosphorus residence times, annual internal loads and 
annual loads from Ripple Canal need to be reported in addition to the parameters 
currently reported (total phosphorus, reactive phosphorus, turbidity, pH, dissolved 
oxygen, ammonia, and phytoplankton and zooplankton assemblages and 
abundances).   This will improve the lake’s management to reduce negative effects of 
the main drivers of ecosystem behaviour.211
7.3.5    Foreshore management of Lagoon of Islands
As point-source and internal loads are reduced, the relative contribution of diffuse 
(catchment) loads increases, and so diffuse inputs will become more important in the 
nutrient dynamics of the ecosystem (Madgwick 1999).  Hence, although the diffuse 
inputs to the lagoon are not significant at the moment, they may become significant as 
the nutrient inputs from Ripple Canal and wind resuspension are reduced.  A 
catchment management plan for Lagoon of Islands needs to consider factors such as 
restricting stock access to the waterway and improving riparian vegetation to reduce 
diffuse inputs.212
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APPENDIX ONE
WATER QUALITY MONITORING PROGRAM
ANALYTICAL METHODS
A1.1  SAMPLE COLLECTION AND STORAGE
Samples were collected from the water quality monitoring sites (chapter 2) and transported 
to the laboratory in Hobart, where they were refrigerated prior to analysis.  Chlorophyll 
samples were stored in liquid nitrogen prior to analysis.
A1.2  PHYSICAL PARAMETERS
A1.2.1    Temperature, dissolved oxygen, conductivity and pH
Temperature, conductivity and dissolved oxygen have been measured at all sites since the 
inception of the monitoring program.  A Datasonde 3 Hydrolab connected to a Scout 2 
display was used to measure temperature, dissolved oxygen and conductivity between 1995 
and 2004.  When the Hydrolab was unavailable a WTW Oxi 330 was used for measuring 
oxygen and a WTW LF 330 for conductivity.  Temperature was determined using the 
temperature function on the Hydrolab and WTW instruments.  The Government Analytical 
Laboratories (GAL) analysed conductivity between October 1989 and July 1998 according 
to APHA (1995) method 2510.I
pH was sampled at site 2 and analysed by the GAL until August 1996 and was measured in 
situ at all five sites since May 1993.  The Datasonde 3 Hydrolab was used between 1995 
and 2004 and a WTW pH 320 at other times.  The GAL analysed pH according to APHA 
method 4500-H to a precision of ±0.1 pH units.  The field and laboratory (GAL) data 
overlap at site 2 between March 1993 and August 1996. 
A1.2.2    Total Dissolved Solids
Total dissolved solids were measured in situ by Inland Fisheries Service Biological 
Consultancy (IFS-BC) using the TDS function on a WTW conductivity meter (LF330) and 
Hydrolab (see Chapter 2).  Total dissolved solids were also analysed by the GAL between 
October 1989 and July 1998, according to APHA (1995) method 2540-C. 
 Samples were filtered through Whatman glass fibre (GF/C) filter papers (or equivalent) 
with a nominal pore size of 0.45 µm.  Total dissolved solids were calculated as the 
difference between total solids and total suspended solids. The reporting limit depended on 
the sample result (Table A1.1).  Total dissolved solids was removed from the data set for 
later analyses (chapter 2, section 2.3.4).Table A1.1  Reporting limits for total dissolved solids.
Sample Result Report to nearest:
10-1000 mg/L 10 mg/L
1001-5000 mg/L 50 mg/L
> 5000 mg/L 100 mg/LII
Table A1.2  Reporting limits for apparent colour.
Result Report to nearest:
5-100 5
101-250 10
251-500 20A1.2.3    Redox potential
Redox potential of the water column was measured at all five sites between March 2000 
and February 2004 using a Datasonde 3 Hydrolab.  Discussions with IFS-BC have raised 
doubts concerning the reliability of the data due to infrequent calibration of the probe.  
Consequently, redox potential was not considered any further. 
A1.2.4    Colour
Apparent colour was analysed by the GAL between September 1989 and July 1998 
according to APHA method 2120.  The lower limit of detection of the method is 5 units.  
Reporting limits are given in Table A1.2.
Gilvin was sampled at site 2 between April 1993 and May 1998 and measured by reading 
the absorbance of the filtered (0.45 µm) water at 440nm.III
A1.3  UNDERWATER LIGHT CLIMATE
A1.3.1    Secchi depth
Secchi depth was measured (to the nearest cm) with a Secchi disc on the shaded side of the 
boat.  The average between where the disc is visible and where it disappears from view after 
raising and lowering through the water column several times was recorded (Uytendaal 
2003).
A1.3.2    Total suspended solids
Total suspended solids was analysed by the GAL between January 1991 and July 1998 
according to APHA method 2540-D on 70mm glass fibre filter papers (Whatman GF/C or 
equivalent) with a pore size of 2.0µm. 
A1.3.3    Turbidity
Turbidity was measured in situ at all five sites using a Hach 2100 turbidity meter according 
to APHA (1995) method 2130B since May 1993.  Prior to 1993 samples were taken at site 
2 and analysed by the GAL.  The field and laboratory (GAL) measurements overlap 
between March 1993 and May 1998 at site 2.Table A1.3  Reporting limits for total suspended solids.
Sample result Report to nearest:
10-1000 mg/L 10 mg/L
1001-5000 mg/L 50 mg/L
>5000 mg/L 100 mg/LIV
Filterable turbidity was measured between January 1996 and July 2002 and since March 
2004, on samples that had been passed through a 0.45µm membrane.  It provides a nominal 
distinction between particulate and colloidal fraction contributions to the turbidity 
(Uytendaal 2003). 
A1.4  BIOLOGICAL PARAMETERS
A1.4.1    Zooplankton
Zooplankton samples from Lagoon of Islands have been collected, at varying frequency 
(chapter 2, Figure 2.2), from site 3 using both a Schindler trap and a net tow.  Tow samples 
were collected between July 1993 and June 2003, and trap samples since November 1998.  
Tows were collected over 200m and washed (using lake water) into a sample jar.  Trap 
samples were collected in a 4L Schindler trap and concentrated into a sample jar using a 
53µm mesh.  All samples were preserved in formalin.  The zooplankton were analysed for 
species composition and abundance from September 1992 – June 1999 by Dr Robert Walsh 
and from October 1999 – May 2001 by Dr Jacqueline Griggs (formerly Hydro Tasmania).  
Trap samples were collected from the five water quality monitoring sites during 2006, using 
the same method as the previous sampling program.  Samples were analysed by Dr Walsh 
(Australian Waterlife, Melbourne).  
A1.4.2    Phytoplankton
Phytoplankton tow samples were collected, at varying frequency (chapter 2, Figure 2.2), 
from site 3 between July 1991 and June 2003.  Tows were collected over 200m and washed V
(using lake water) into a sample jar.  Samples were preserved in formalin.  The 
phytoplankton samples (1991-1999) were analysed by Dr Greg Vinall (formerly Deakin 
University) for species assemblage and relative abundance (using a scale where 5 was most 
abundant and 1 was least abundant).  
A1.4.3    Chlorophyll a, b, c, phaeophytin
Chlorophyll a, b, c, and phaeophytin were measured from September 1989 to July 2002 
according to the current APHA method for spectrophotometric determination of 
chlorophyll (methods were updated when there were changes to the APHA methods).  
Between 1989 and 2000, a Shimadzu UV-120-02 spectrophotometer was used.  Post 2000, 
analyses were performed on a Varian Cary 50.  The chlorophyll a measurements were 
corrected for phaeophytin (a product of the decomposition of algal cells) to give an 
indication of the live population within the lagoon.  
A1.4.4    Silica
Silica was analysed according to APHA (1995) method 4500-Si F, Automated Molybdate-
reactive Silica.  The detection limit for the method was 1.0 mg/L.VI
A1.5  NUTRIENTS
A1.5.1    Ammonia
Preliminary concentrations of ammonia were obtained using an Orbeco-Hellige 975MP 
analyser with low range ammonia tablets (catalogue number 975-43), which employs the 
automated phenate method (APHA 1995).  The recommended range for the instrument is 0 
– 0.8 mg L-1 of ammonia (as NH4-N).
Ammonia has also been analysed by the GAL since the inception of the monitoring 
program, according to APHA (1995) method 4500-NH3.  This measurement was more 
accurate, but had a slower turnaround time.  
A1.5.2    Nitrate, nitrite, ammonia and reactive phosphorus
Nitrate, nitrite, ammonia and reactive phosphorus (RP) have been analysed by the GAL 
since the inception of the sampling program, according to their internal method 1251.  In 
March 2002 the imidazole buffer was replaced with an NH4Cl buffer.  Nitrate and nitrite 
were analysed by an automated cadmium reduction technique, according to APHA (1995) Table A1.4  Soluble nutrient concentrations and detection limits for sample analysis .
Parameter Concentration Detection limit
NH3/N 0.150 mg/L 0.004 mg/L
RP/P 0.150 mg/L 0.0025 mg/L
NO3/N 0.240 mg/L 0.0015 mg.L
NO2/N 0.240 mg/L 0.003 mg/LVII
method 4500-NO3- F. Reactive phosphorus is the proportion of total phosphorus that is 
readily hydrolysable to phosphate (PO43-) by a change in pH.  Reactive phosphorus was 
determined according to APHA (1995) method 4500-P F, automated ascorbic acid 
reduction.  Filterable reactive phosphorus is the reactive phosphorus that could be passed 
through a 0.45µm filter.  
Concentrations for sample analysis and detection limits are given in Table A1.4.  Samples 
that were outside of this range were diluted accordingly.  Results were reported to 1 
significant figure when the concentration was 0.010 mg/L or less and 2 significant figures 
otherwise.
A1.5.3    Total phosphorus and total Kjeldahl nitrogen
Total phosphorus (TP) and total reactive phosphorus (TRP) have been measured at site 3 
since September 1989.  Filterable total phosphorus (FTP) was measured on samples taken 
from site 3 between September 1989 and July 1998.  Filterable reactive phosphorus (FRP) 
samples were taken from the same site between October 1989 and June 1995.  Total 
phosphorus and total Kjeldahl nitrogen were analysed by the GAL according to APHA 
(1995) method 4500-P, modified to allow greater sample throughput.  Samples were 
digested using a Lachat block digester and analysed using an automated flow injection 
analyser.
The analytical range of the method was:
0.04 – 5.0 mg/L N
0.005 – 0.5 mg/L PVIII
Samples outside of this range were diluted appropriately before analysis.
The detection limit of the method was 0.04 mg/L for total nitrogen and 0.003 mg/L for total 
phosphorus. Reporting limits are given in Table A1.5.
A1.5.4    Total Nitrogen (persulphate oxidation)
Total nitrogen was measured on samples taken from site 3 between July 1998 and June 
1999 and was analysed according to APHA (1995) 4500-Norg, persulphate method.  This 
method oxidises all forms of nitrogen in the sample to nitrate, including ammonia.  Thus, 
measurement of total nitrogen analysed by persulphate oxidation includes species not 
analysed by the total Kjeldahl method, and does not require separate analysis of ammonia. 
A1.6  METALS
A1.6.1    Iron and manganese
Iron and manganese were sampled from site 3 at the Lagoon of Islands since 1989, at 
varying frequency (chapter 2, Figure 2.2), and analysed by the GAL using flame atomic 
absorption spectrometry according to APHA (1995) methods 3111 and 3500. Filterable 
manganese samples were taken at site 3 between September 1989 and July 1998.Table A1.5 Reporting limits for total Kjeldahl nitrogen and total phosphorus.
1 significant figure 2 signficant figures
TKN 0.04-0.09 mg/L 0.10 mg/L
TP 0.005-0.009 mg/L 0.01 mg/LIX
A1.6.2    Other metals
Aluminium, cadmium, cobalt, chromium, copper, nickel, lead and zinc were sampled at site 
3 at varying frequency (chapter 2, Figure 2.2) between July 1998 and June 1999 and since 
September 2000.  Samples were analysed by the GAL, using inductively coupled plasma 
atomic emission spectrometry (ICP-AES) (based on APHA method 3120).  In 2000 the 
instrumentation changed to a Varian Vista simultaneous ICP-AES, which does not use 
ultrasonic nebulisation. 
A1.7  MAJOR IONS
All samples for major ions were taken from site 2 between September 1989 and July 1998 
and were analysed by the GAL.
A1.7.1    Alkalinity and bicarbonate
Alkalinity and bicarbonate were analysed according to APHA (1995) methods 2320 and 
4500- CO2 D.  This reports total alkalinity and alkalinity species as mg CaCO3/L.  The 
limits of detection are given in Table A1.6.
The concentration of bicarbonate is affected by sample storage (because of the equilibrium 
that exists between carbonate species and carbon dioxide).  Samples were stored for at least 
24 hours prior to analysis, which may have affected reported concentrations. Table A1.6 Detection limits for total alkalinity analysis.
Total alkalinity (mg/L) Detection limit (mg/L)
<20 0.42
>20 3.36X
A1.7.2    Chloride and sulphate
Chloride and sulphate were analysed by the GAL using ion chromatography according to 
APHA (1995) method 4110-C.
A1.7.3    Major cations
Major cations (calcium, magnesium, potassium and sodium) in Lagoon of Islands were 
analysed according to APHA (1995) method 3111.  Calcium and potassium were analysed 
according to 3111 E, using a nitrous oxide-acetylene flame.  Magnesium and sodium were 
analysed by direct air-acetylene flame.
A1.7.4    Hardness
Hardness was analysed according to APHA (1995) method 2340 B.  Total hardness is the 
sum of calcium and magnesium concentrations (expressed as mg CaCO3/L).  XI
APPENDIX TWO
EXISTING DATA SET:
DESCRIPTIVE STATISTICS
A2.1  PHYSICAL PARAMETERS
A2.1.1    Water temperature
Temperature varies over a range of 27.6°C, but did not exceed 30°C (Table A2.1).  
Temperatures below 5°C occur almost every year but are not prolonged (ie <1 month).
A2.1.2    Dissolved oxygen
Low dissolved oxygen (DO) concentrations which may indicate anoxia were recorded at 
the lake on only one day (the first day of sampling).  Descriptive statistics are presented 
in Table A2.1.  Table A2.1 Descriptive statistics for physico-chemical parameters.  n = sample 
population 
Parameter n Mean
Standard 
deviation
Minimum Maximum
Water temperature (°C) 1802 11.80 5.176 1.10 28.70
Dissolved oxygen (mg/L) 1741 10.07 1.28 4.30 15.30
Dissolved oxygen (% saturation) 271 73 8 54 100
Conductivity (S/cm) 1778 115 34 15 216
pH 1420 7.86 0.40 6.17 9.42
TDS (in situ, mg/L) 330 109.43 63.00 160.00 26.30
TDS(GAL, mg/L) 134 154.99 25.00 290.00 73.57XII
A2.1.3    Conductivity
 Historical data show conductivity declined following flooding of the pre-dam 
ecosystem, and has remained reasonably stable since 1970.
A2.2  UNDERWATER LIGHT CLIMATE
Descriptive statistics for parameters describing the underwater light climate in 
Lagoon of Islands are presented in Table A2.2.
A2.2.1    Apparent colour
Comparison with historical data shows colour has remained reasonably constant since 
1987.  
A2.2.2    Gilvin colour
A linear relationship between gilvin colour and Hazen colour has been identified for 
Tasmanian lakes (Bowling, 1986).  This relationship did not hold for this data set.  Table A2.2:  Descriptive statistics for underwater light climate parameters.
Parameter n Mean
Standard 
deviation
Minimum Maximum
Turbidity (NTU) 1227 10.91 6.29 0.89 72.80
Secchi depth (m) 47 0.97 0.38 0.80 2.05
Total suspended solids (mg/L) 81 9.72 12.20 1.00 84.00
Filterable turbidity (NTU) 876 2.37 1.79 0.20 23.20
Apparent colour (Hazen) 143 74.72 39.92 5.00 200.00
Gilvin colour (m-1) 21 0.058 0.031 0.024 0.15XIII
This probably reflects changes in contributions to turbidity and the composition of 
phytoplankton communty in the lake over time.
A2.2.3    Secchi depth
In 1986, Lagoon of Islands was a clear-water, oligotrophic water body with a secchi 
depth of >1.0m (Bowling, 1986).   
A2.2.4    Total suspended solids
 Historical data are consistent with  data collected during the water quality monitoring 
program, ranging between 3 and 45 mg/L (Table A2.2).
A2.2.5    Turbidity
Turbidities published in 1986 (Bowling, 1986)  record a turbidity of 0.75 NTU, 
however analyses performed in 1987 (22 NTU) and 1988 (32, 27 and 20 NTU) 
recorded much higher values.  XIV
A2.3  BIOLOGICAL PARAMETERS
Descriptive statistics for indicators of algal biomass are given in Table A2.6.
A2.3.1    Zooplankton
Twentythree (23) zooplankton taxa have been identified in Lagoon of Islands (Table 
A2.3).  Calanoid copepods were dominant between April 1993 and October 1993, 
between May and July 1994 and in October 1996, January 2000 and February 2001.  
Rotifera were dominant in January and February 1999.  Cladocerans were dominant the 
rest of the time for which samples have been examined.  Table A2.3:  Zooplankton species identified in Lagoon of Islands.
FAMILY GENUS/SPECIES
Calanoid Centropogidae Boeckella rubra
Boeckella triarticulata
Boeckella propinqua longisetosa
Harpactiod Harpactiod (unidentified)
Cyclopoid Cyclopidae Ectocyclops spp
Eucyclops spp
Mesocyclops spp
Thermocyclops spp
Tropocyclops spp
Cladocera Chydoridae Chydorus spp
Alona spp
Macrothricidae Macrothrix spp
Ilyocriptidae Ilyocryptus spp
Bosminidae Bosmina meridionalis
Daphiidae Scapholeberis kingi
Ceriodaphnia spp
Simocephalus sp
Daphnia carinata
Ostracoda Notodromadidae Kennethia sp
Cyprididae Candonocypris sp
Rotifera Asplanchnidae Asplanchna sp
Amphipoda Celnidae Austrochiltonia Australia
Hydrazoa Hydra spXV
A2.3.2    Phytoplankton
41 phytoplankton species have been identified in Lagoon of Islands (Table A2.4).  
Phytoplankton species diversity was greatest between 1993 and 1998 and was 
considerably lower during the eutrophic periods. The species composition differed 
between each period (Table A2.5).  
A2.3.3    Silica
Silicon is an essential nutrient for diatom growth.  Descriptive statistics for silica in 
Lagoon of Islands are given in Table A2.6.  A significant relationship exists between 
silicon and chlorophyll a (R2 = 0.46, n=131, p<0.001), reflecting the dominance of 
diatoms in the lake’s phytoplankton.  
A2.4  NUTRIENTS
Descriptive statistics for nutrient species and ratios of nutrient concentrations are given 
in Tables A2.7 and A2.8, respectively.XVI
Table A2.4:  Phytoplankton species identified in Lagoon of Islands.
Class Order Family Genus Species
Staurosirella pinnata
Bacillariophyceae Diatom sp1
Bacillariophyceae Diatom sp2
Bacillariophyceae Diatom sp5
Bacillariophyceae Aulacoseira granulata
Bacillariophyceae Pseudostaurosira brevistriata
Bacillariophyceae Rhopalodia gibba
Bacillariophyceae Bacillariales Nitzschia
Bacillariophyceae Fragillariales Synedra
Bacillariophyceae Biraphidineae Cymbella hauckii
Bacillariophyceae Naviculales Navicula cryptocephala
Chlorophyceae Chlamydomadales Chlamydomonas
Chlorophyceae Chlorellaceae Ankistrodesmus sp1
Chlorophyceae Chlorococcales Perediniodes sp
Chlorophyceae Chlorococcales Botryococcus braunii
Chlorophyceae Chlorococcales Nephrocytium
Chlorophyceae Chlorococcales Dicellula
Chlorophyceae Chlorococcales Botrycoccaceae Dictyosphaerium tetrachotomum
Chlorophyceae Chlorococcales Hydrodictyaceae Pediastrum duplex
Chlorophyceae Chlorococcales Oocystaceae cf Oocystis sp
Chlorophyceae Chlorococcales Oocystaceae Oocystis sp
Chlorophyceae Chlorococcales Palmellaceae Sphaerocystis cf schroeteri
Chlorophyceae Chlorococcales Peridiniaceae Peridinium sp
Chlorophyceae Chlorococcales Scenedesmaceae Crucigenia rectangularis
Chlorophyceae Chlorococcales Scenedesmaceae Scenedesmus sp1
Chlorophyceae Desmidiales Staurastrum excavatum
Chlorophyceae Desmidiales Staurastrum margaritaceum
Chlorophyceae Desmidiales Staurodesmus sp1
Chlorophyceae Zygnematales Mougeotia sp1
Chlorophyceae Zygnematales Mougeotia sp2
Chrysophyceae Chrysophyte cells
Chrysophyceae Ochromonadales Dinobryaceae Dinobryon cf cylindricum
Cyanophyceae cf Limnothrix sp
Cyanophyceae Chroococcales cf Chroococcus sp
Cyanophyceae Chroococcales cf Gloeocapsa sp
Cyanophyceae Chroococcales Aphanothece sp
Cyanophyceae Nostocales Anabaenopsis sp
Dinophyceae Gymnodiniales Gymnodinium
Zygnematophyceae Clostericeae Closterium cf aciculare
Zygnematophyceae Desmidiales Cosmarium cf subcontractum
Zygnematophyceae Mesotaeniales Gonatozygaceae Gonatozygon brebisoniiXVII
Table A2.5:  Phytoplankton succession in Lagoon of Islands (by class).
Time Class Trophic status
Pre-Jan 1991 chlorophyceae eutrophic
January 1991 - January 1992 chlorophyceae eutrophic
January 1992 - April 1992 chrysophyceae and chlorophyceae oligotrophic
April 1992 - October 1992 chlorophyceae oligotrophic
November 1992 bacillariophyceae oligotrophic
December 1992 - September 1994 chlorophyceae oligotrophic
February 1995 chrysophyceae mesotrophic
April 1995 chlorophyceae mesotrophic
June 1995 chrysophyceae mesotrophic
October 1995 - January 1996 chlorophyceae mesotrophic
March 1996 - April 1996 chrysophyceae mesotrophic
August 1996 - March 1998 chlorophyceae meso - eutrophic
November 1998 - April 1999 bacillariophyceae eutrophic
April 1999 - June 1999 cyanophyceae eutrophic
January 2006 - May 2006 cyanophyceae eutrophicTable A2.6:  Descriptive statistics for chlorophyll indicators of algal biomass.
Parameter n Mean
Standard 
deviation
Minimum Maximum
Corrected chlorophyll a (mg/m3) 1520 11.944 15.813 0.000 101.510
Chlorophyll a (mg/m3) 1358 17.49 17.11 0.44 110.33
Chlorophyll b (mg/m3) 1308 5.18 9.85 -10.04 52.45
Chlorophyll c (mg/m3) 1307 2.59 4.60 -28.93 34.76
Phaeophytin (mg/m3) 1311 9.98 11.11 -13.70 142.34
Silica (mg/L) 90 7.25 6.93 0.30 30.10XVIII
Table A2.7:  Descriptive statistics for nutrient species in Lagoon of Islands.  
All species measured in mg/L.  n = sample population, CV = coefficient of variation, BDL = below 
detection limit.  The values from December 2006 are included to provide an indication of current 
nutrient status
Parameter n Mean CV Min Max No. BDL Dec 06
Ammonia 148 0.073 1.508 0.003 0.480 19 0.029
TKN 148 1.420 0.410 0.540 3.200 0 3.30
Nitrate 148 0.094 2.162 <0.002 1.360 18 0.017
Nitrite 148 0.002 1.127 <0.002 0.011 136 <0.002
Total phosphorus 161 0.027 0.544 <0.002 0.088 1 0.088
Reactive phosphorus 147 0.003 0.714 <0.002 0.011 26 <0.002
Soluble TKN 89 0.921 0.377 0.400 2.500 0 Not measured
Soluble total P 89 0.007 0.439 0.005 0.022 2 Not measured
Soluble reactive P 40 0.003 0.720 0.001 0.055 0 Not measuredTable A2.8:  Descriptive statistics for ratios of nutrient concentrations in Lagoon of 
Islands. 
Numbers are calculated from a ratio (see Table 2.2) so have no units.  n = sample 
population, CV = coefficient of variation
Parameter n Mean CV Minimum Maximum
Colloidal nitrogen 85 0.768 0.175 0.351 1.065
Inorganic nitrogen 146 0.066 2.231 0.001 0.853
Ammoniacal nitrogen 147 0.053 1.424 0.002 0.306
Reactive phosphorus 147 0.141 0.916 0.012 0.667
Colloidal phosphorus 87 0.414 0.480 0.077 1.400
TN:TP 145 60.851 0.447 28.891 213.333Table A2.9:  Descriptive statistics for iron species in Lagoon of Islands. All 
concentrations are mg/L, n = sample population.
Parameter n Mean ± SE Minimum Maximum Std Dev
Total Fe 239 1.18 ± 0.08 0.06 10.40 1.17
Filt. Fe 160 0.64 ± 0.04 0.07 2.90 0.45
Total Mn 229 0.10 ± 0.01 0.01 0.68 0.09
Filt. Mn 120 0.07 ± 0.01 0.00 0.55 0.08XIX
A2.5  METALS
A2.5.1    Iron and manganese
The maximum recorded concentration for total iron is an outlier (10.4 mg/L; Table 
A2.9): the second highest concentration recorded is 4.4 mg/L.  
The proportion of iron in the water column that is filterable ranged between 5% and 89%, 
averaging 57% (Table A2.9).  
A2.5.2    Other metals
Descriptive statistics for other metals are given in Table A2.10.  Zinc has only been 
analysed since September 2000.  There is no obvious pattern to the data.  The limited 
data set renders interpretation of the results difficult.  Table A2.10:  Descriptive statistics for minor metals in Lagoon of Islands. All 
concentrations are mg/L and are for total metals.
Parameter Sample Population Mean ± SE Minimum Maximum Std Dev
Aluminium 37 0.23 ± 0.04 0.04 0.95 0.22
Cadmium 37 na <0.001 0.003 na
Cobalt 37 na <0.001 <0.001 na
Chromium 6 0.002 ± 0.000 0.001 0.003 0.001
Copper 22 0.003 ± 0.001 0.001 0.010 0.003
Nickel 8 0.001 ± 0.000 <0.001 0.002 na
Lead 4 na <0.005 0.007 na
Zinc 26 0.005 ± 0.008 <0.001 0.016 0.004XX
A2.6  MAJOR IONS
Descriptive statistics for major ions are given in Table A2.11 and for the ionic composition 
between October 1989 and July 1998 in Table A2.12.
A2.6.1    Sodium
From January 1991 onwards, the time series plot of (K+ + Na+) displays seasonality, with 
concentrations peaking in spring and lowest in February-March.  It is likely that this is 
reflecting changes in the concentration of potassium in the water column, as sodium 
concentrations has remained relatively constant.  This probably reflects the uptake of 
potassium by phytoplankton.
A2.6.2    Chloride and sulphate
The concentration of chloride was highest between October 1990 and August 1991, peaking in 
April 1991. Sulphate concentrations were uniformly low.Table A2.11:  Descriptive statistics for the major ions in Lagoon of Islands. All 
concentrations are mg/L.
Parameter Sample Population Mean ± SE Min Max Std Dev
Bicarbonate 136 55.28 ± 1.66 12.40 113.00 19.37
Chloride 134 14.50 ± 0.44 1.90 33.00 5.07
Sulphate 58 1.13 ± 0.27 0.05 14.00 2.08
Calcium 136 10.89 ± 0.30 3.20 20.20 3.49
Magnesium 136 4.88 ± 0.13 1.30 11.30 1.57
Potassium 135 0.72 ± 0.02 0.04 1.20 0.27
Sodium 136 9.67 ± 0.24 3.40 17.00 2.79
Hardness 136 47.34 ± 1.24 13.00 85.00 14.47XXI
Table A2.12:  Ionic composition in Lagoon of Islands, October 1989 – July 1998. 
Numbers in brackets are standard deviations.  BDL = below detection limit.  Historical data 
averaged from spot samples collected by Hydro Tasmania, 1967-1988. samples collected by 
Hydro Tasmania 1967 – 1988.
Parameter
Mean Minimum Maximum Historical mean 
(mEq %)mg/L mEq % mg/L mEq % mg/L mEq %
Bicarbonate 52 (20) 67 (8) 12 42 113 94 65 (3)
Chloride 15 (10) 32 (7) 20 5 33 57 35 (3)
Sulphate 1 (2) 1 (3) 0.05 0.05 14 24 BDL
Calcium 10 (3) 39 (3) 3 21 200 43 35 (9)
Magnesium 5 (2) 29 (4) 1 25 11 55 33 (7)
Sodium 9 (3) 31 (3) 3 17 17 39 31 (6)
Potassium 0.7 (0.3) 1 (0.5) 0.04 1.3x10-4 1.20 0.03 1 (0.7)XXII
 APPENDIX THREE
EXISTING DATA SET:
TIME-SERIES PLOTS
A3.1  PHYSICAL PARAMETERS
A3.1.1    TemperatureFigure A3.1  Time series plot of temperature, September 1989 - March 2006.XXIII
A3.1.2    Dissolved oxygen
Seasonality in DO concentrations appear to reflect the  temperature dependence of 
oxygen solubility and this seasonality is not reflected in the saturation data (Figure 
A3.2).  
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A3.1.4    Conductivity
Conductivity exhibits seasonality (Figure A3.4), peaking in autumn (concentration by 
evaporation) and being lowest late in spring (flushing by streamflow and catchment 
runoff). XXVIFi
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A3.1.5    Underwater light climate
A3.1.5 (a)   Apparent colour
The data record a net decrease of colour over the sampling period (Figure A3.5).  XXVIIFi
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A3.1.5 (c)   Secchi depth
Secchi depth was regularly greater than the depth of the water column until February 
1997 (Figure A3.7). XXIXFi
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A3.1.5 (d)   Total suspended solids
The time series for total suspended solids displayed a ‘U’ shape (Figure A3.8). XXXFi
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A3.1.5 (e)   Turbidity
The time series for turbidity displayed a ‘U’ shape (Figure A3.9), consistent with those 
observed for secchi depth and total suspended solids.  XXXIFi
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A3.1.5 (f)   Filterable turbidity
Filterable turbidity is a measure of the amount of turbidity that is caused by colloidal 
material (Uytendaal, 2003).  There is seasonality in the amount of colloidal material 
contributing to the turbidity within the Lagoon, peaking in August each year (Figure 
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A3.2  BIOLOGICAL PARAMETERS
A3.2.1    Chlorophyll a and phaeophytin
Chlorophyll concentrations  are consistent with Lagoon of Islands having had two 
periods of high phytoplankton activity separated by a period of low activity (Figure 
A3.11 and Figure A3.12).  These  correspond to periods of eutrophy and oligotrophy.  
No seasonality was observed for any of the chlorophyll indicators.  The periods of 
activity correspond with the patterns observed for turbidity (Figure A3.9).  XXXIIIFi
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A3.2.2    Chlorophyll b and cXXXIVFi
gu
re
 A
3.
12
  C
hl
or
op
hy
ll 
b 
an
d 
ch
lo
ro
ph
yl
l c
, S
ep
te
m
be
r 1
98
9 
- M
ar
ch
 2
00
6.
A3.2.3    Silica
Silica concentration decreased dramatically between March and December 1991 at  the 
same time the diatom population increased.  Between 1992 and 1994, silica displayed 
seasonality, with concentrations peaking during the winter months, probably reflecting 
lower diatom populations.  From 1995 – 1998, concentrations appear to have peaked in 
April (Figure A3.13).XXXVFi
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A3.3  NUTRIENTS
A3.3.1    AmmoniaXXXVIFi
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A3.3.2    Nitrate
Concentrations of nitrate and nitrite appeared to decline dramatically in August 1993 
(Figure A3.15).  This is probably due to a change in analytical technique, from 
colorimetry to ion chromatography (R. Pyrke, AST, pers comm.). XXXVIIFi
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A3.3.3    Total phosphorusXXXVIIIFi
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A3.3.4    Total Kjeldahl Nitrogen XXXIXFi
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A3.4  METALS
A3.4.1    Total iron 
Total iron decreased in June 1990 (Figure A3.18). XLFi
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A3.4.2    Filterable iron
The concentration of filterable iron was higher in 1990 than at any time since.  The 
concentration of filterable iron decreased dramatically in September 1990 (Figure 
A3.19).  XLIFi
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A3.4.3    Total manganeseXLIIFi
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A3.4.4    Filterable manganese
Filterable manganese decreased  between May and September 1992 (Figure A3.21).  XLIIIFi
gu
re
 A
3.
21
  F
ilt
er
ab
le
 m
an
ga
ne
se
, S
ep
te
m
be
r 1
98
9 
- M
ar
ch
 2
00
6.
A3.4.5    Copper
Copper concentrations have declined since 1999 (Figure A3.22).  However, this may be 
an artefact resulting from insufficient data, as higher concentrations may have been 
missed since 1999 due to decreased sampling frequency.XLIVFi
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A3.5   MAJOR IONS
A3.5.1    Alkalinity and bicarbonateXLVFi
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A3.5.2    PotassiumXLVIIFi
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A3.5.3    CalciumXLVIIIFi
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A3.5.4    Chloride XLIXFi
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APPENDIX FOUR
VERTICAL HOMOGENEITY
REGRESSION RESULTS
A4.1   Temperature
A4.2   Conductivity
Site Regression equation r2 P Site Regression equation r2 P
1 0.5m = 0.992(surface) 1.000 <0.001 1 1.0m = 0.95(surface) 0.996 <0.001
2 0.5m = 0.997(surface) 1.000 <0.001 2 1.0m = 0.958(surface) 0.997 <0.001
3 0.5m = 0.999(surface) 1.000 <0.001 3 1.0m = 0.954(surface) 0.996 <0.001
4 0.5m = 0.998(surface) 1.000 <0.001 4 1.0m = 0.945(surface) 0.993 <0.001
5 0.5m = 0.995(surface) 0.999 <0.001 5 1.0m = 0.959(surface) 0.996 <0.001
Site Regression equation r2 P Site Regression equation r2 P
1 0.5m = 0.998(surf) + 0.024 0.997 <0.001 1 1.0m = 1.009(surf) - 0.956 0.998 <0.001
2 0.5m = 0.982(surf) + 2.057 0.998 <0.001 2 1.0m = 0.974(surf) + 2.728 0.994 <0.001
3 0.5m = 1.006(surf) - 0.710 1.000 <0.001 3 1.0m = 0.964(surf) + 2.755 0.988 <0.001
4 0.5m = 0.954(surf) + 5.718 1.000 <0.001 4 1.0m = 0.997(surf) + 0.222 0.999 <0.001
5 0.5m = 1.017(surf) - 1.132 0.989 <0.001 5 1.0m = 1.003(surf) - 0.447 0.999 <0.001L
A4.3   Dissolved oxygen 
A4.4   pH
A4.5   Total dissolved solids
Site Regression equation r2 P Site Regression equation r2 P
1 0.5m = 1.037(surf) - 0.516 0.969 <0.001 1 1.0m = 0.925(surf) + 0.673 0.899 <0.001
2 0.5m = 0.946(surf) + 0.422 0.985 <0.001 2 1.0m = 0.976(surf) + 0.147 0.962 <0.001
3 0.5m = 1.441(surf) - 4.602 0.817 <0.001 3 1.0m = 1.001(surf) - 0.069 0.927 <0.001
4 0.5m = 1.092(surf) - 0.945 0.907 <0.001 4 1.0m = 0.967(surf) + 0.319 0.922 <0.001
5 0.5m = 1.007(surf) - 0.260 0.780 <0.001 5 1.0m = 0.930(surf) + 0.553 0.920 <0.001
Site Regression equation r2 P Site Regression equation r2 P
1 0.5m = 1.003surf) - 0.034 0.993 <0.001 1 1.0m = 1.021(surf) - 0.150 0.978 <0.001
2 0.5m = 1.096(surf) - 0.723 0.986 <0.001 2 1.0m = 1.042(surf) - 0.325 0.970 <0.001
3 0.5m = 0.963(surf) + 0.268 0.863 <0.001 3 1.0m = 1.054(surf) - 0.406 0.980 <0.001
4 0.5m = 0.879(surf) + 0.941 0.897 <0.001 4 1.0m = 0.984(surf) + 0.160 0.951 <0.001
5 0.5m = 0.986(surf) + 0.077 0.981 <0.001 5 1.0m = 1.015(surf) - 0.085 0.918 <0.001
Site Regression equation r2 P Site Regression equation r2 P
1 0.5m = 0.982(surf) + 2.077 0.999 <0.001 1 1.0m = surface + 0.334 0.997 <0.001
2 0.5m = 1.010(surf) - 1.143 0.999 <0.001 2 1.0m = 0.988(surf) + 1.415 0.994 <0.001
3 0.5m = 1.012(surf) - 1.112 0.999 <0.001 3 1.0m = 1.024(surf) - 2.288 0.997 <0.001
4 0.5m = 0.995(surf) + 0.680 0.998 <0.001 4 1.0m = 1.005(surf) - 0.618 0.995 <0.001
5 0.5m = 1.004(surf) - 0.006 0.999 <0.001 5 1.0m = 1.009(surf) - 1.285 0.989 <0.001LI
APPENDIX FIVE
WIND RESUSPENSIONFigure A5.1:  Wind resuspension in Lagoon of Islands with westerly winds.LII
Figure A5.2:  Wind resuspension in Lagoon of Islands with north-westerly winds. LIII
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APPENDIX SIX
MODEL EQUATIONS





